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The	diamondback	moth	 (DBM),	Plutella	 xylostella	 L.	 (Lepidoptera:	 Plutellidae),	 is	 the	
most	important	global	pest	of	Brassica	crops.	It	is	now	prevalent	wherever	Brassicas	are	
grown	and	costs	the	agricultural	industry	US$	4-5	billion	annually.	Traditionally,	DBM	is	
controlled	 by	 the	 use	 of	 insecticide	 only	 applications	 which	 has	 led	 to	 wide	 spread	
insecticide	resistance	in	DBM	populations.	As	insecticide	only	control	strategies	are	not	





this	 project	 was	 to	 study	 interactions	 between	 EPF	 and	 other	 elements	 of	 the	 IPM	
system	 to	 understand	 and	 address	 sources	 of	 variability.	 Temperature	 is	 the	 most	
important	 determinant	 of	 EPF	 growth,	 virulence	 and	 DBM	 development.	 However,	
there	are	considerable	knowledge	gaps	when	it	comes	to	understanding	the	effect	of	
temperature	on	these	processes.	This	is	mainly	because	of	the	left-skewed	nature	of	the	









the	 effect	 of	 the	 age	 structure	 of	 the	 DBM	 larval	 population	 on	 efficacy	 of	 EPF	
biopesticides	was	investigated.	We	found	that,	because	larvae	slough	off	conidia	during	
ecdysis,	 time	between	 treatment	 of	 EPF	 and	moult	 had	 a	 significant	 effect	 on	 larval	























insecticides	 (Lacey	 et	 al.,	 2001).	 Additionally,	 the	 performance	 of	 EPF	 in	 field	 is	 also	
highly	variable	(Thomas	and	Blanford,	2003).	From	the	point	of	view	of	growers,	it	is	the	




2005).	 Consequently,	 understanding	 the	 interaction	 between	 temperature	 and	 the	
virulence	of	 EPF	 is	 vital	 in	 addressing	 variability	 observed	 in	 the	 field.	However,	 this	
interaction	 is	 complex:	 temperature	 influences	 the	 production	 and	 secretion	 of	 EPF	
metabolites,	 growth	 of	 fungi,	 insect	 immunity	 and	 insect	 growth	 and	 development.	
Surprisingly,	 there	 has	 been	 little	 research	 into	 the	 effect	 of	 temperature	 on	 EPF	
virulence.	 The	 vast	 majority	 of	 studies	 into	 EPF	 virulence	 have	 been	 completed	 at	
constant	 temperatures.	 It	 is	 not	 currently	 known	 whether	 performance	 of	 EPF	 at	
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exceed	a	 certain	 level,	 synthetic	 insecticides	 are	used	 to	 reduce	 the	pest	population	
density	 to	below	 the	 threshold	 level	 (Lim,	1992).	 For	 this	 reason,	 it	 is	 likely	 that	EPF	
would	 be	 applied	 with	 synthetic	 insecticides.	 Consequently,	 it	 is	 necessary	 to	
understand	the	effect	of	co-application	of	synthetic	insecticides	and	EPF	biopesticides	
on	the	survival	of	DBM	larvae.	For	example,	there	have	been	examples	in	the	literature	
of	 synergy	occurring	 between	 insecticides	 and	 EPF	biopesticides	 against	 insect	 pests	
(Nian	et	al.,	2015,	Farenhorst	et	al.,	2010,	Tian	and	Feng,	2006,	Wraight	and	Ramos,	
2005).	Synergistic	 interactions	enable	lower	concentrations	of	synthetic	insecticide	to	
be	applied,	whilst	achieving	a	similar	 level	of	 insect	control.	This	has	the	potential	 to	









cuticle	 and	 cause	 a	 systemic	 infection	 (Vandenberg	 et	 al.,	 1998a).	 	 This	 is	 another	
potential	source	of	variation	in	EPF	performance	in	the	field.	In	laboratory	bioassays	EPF	
are	applied	to	larvae	of	a	fixed	age;	normally	early	second	instars	(Wraight	et	al.,	2010,	
Altre	 and	 Vandenberg,	 2001,	 Godonou	 et	 al.,	 2009,	 Huang	 et	 al.,	 2010).	 This	 allows	
conidia	at	48-72hr	to	penetrate	the	cuticle	before	the	moult	into	the	third	instar	occurs.		
In	the	field,	populations	of	DBM	are	likely	to	be	of	a	mixed	age.	Consequently,	a	certain	
proportion	of	 larvae	will	be	treated	late	in	the	instar;	 it	 is	 likely	that	these	larvae	will	
discard	conidia	when	they	transition	to	the	next	instar.	It	is	not	currently	known	whether	












in	papers	 that	 broach	 the	 subject	 of	DBM	control,	 despite	on-going	 inflation	 and	an	
increased	production	of	Brassica	crops.	According	to	a	review	by	Zalucki	et	al.	(2012),	


















DBM	are	known	 to	 infest	any	member	of	 the	Brassica	 family.	 For	example,	Harcourt	
(1957)	 reported	that	DBM	consume	 leaf	material	 from	canola,	kohlrabi,	kale,	Brussel	
sprouts,	broccoli,	cauliflower,	cabbage	and	collards	(Harcourt,	1957).	Early	in	the	season,	





hydrolysis	 to	produce	 toxic	by-products	 (Hopkins	et	al.,	2009).	The	 toxic	by-products	
include	 the	 isothiocyanates	which	 are	 known	 to	be	 lethal	 to	 insects.	However,	DBM	
produce	 a	 glucosinolate	 sulfatase	 enzyme,	which	 cleaves	 sulfur	 from	 glucosinolates,	
preventing	toxic	isothiocyanates	from	being	produced	(Textor	and	Gershenzon,	2009).	
This	means	that	DBM	can	consume	Brassica	foliage	with	 impunity.	Additionally,	DBM	
benefit	 from	 reduced	 competition	 from	 other	 insect	 pests	 which	 are	 susceptible	 to	












DBM	 has	 gained	 such	 a	 distribution	 because	 of	 its	 ability	 to	 migrate.	 The	 earliest	
recording	 of	 transoceanic	 migration	 came	 from	 Curtis	 (1860)	 who	 noted	 the	 mass	
migration	of	DBM	into	England.	Transoceanic	migration	events	have	continued	to	be	
recorded	 ever	 since,	 as	 well	 as	 their	 corresponding	 crop	 losses	 (Lokki	 et	 al.,	 1978).	
Migration	allows	DBM	to	move	from	areas	when	Brassica	crops	are	grown	seasonally	to	
areas	where	Brassicas	 are	 grown	 all	 year	 round.	Additionally,	DBM	often	migrate	 to	




















(Wigglesworth,	1948).	 Typically,	before	moulting	occurs,	 the	 insect	becomes	 inactive	
and	 ceases	 feeding	 (Harcourt,	 1954,	 Harcourt,	 1957).	 The	 epidermal	 cells	 located	
beneath	the	insect	procuticle	and	epicuticle	then	begin	to	divide	and	deposit	the	new	
cuticle	(Richards	and	Davies,	1977).	This	event	is	correlated	with	a	spike	in	two	moulting	
steroids	 called	 ecdysone	 and	 ecdysterone	 which	 are	 secreted	 from	 epidermal	 cells	
(Mordue	et	al.,	1980).	As	the	new	cuticle	is	being	formed,	the	old	cuticle	becomes	folded	
and	separates	from	the	epidermal	cells	(Wigglesworth,	1948).	This	process	is	aided	by	




cuticle	 (Wigglesworth,	 1948).	 The	deposition	of	 the	new	cuticle	 and	 the	 initiation	of	
ecdyis	 is	 correlated	 with	 a	 second,	 large,	 spike	 in	 ecdysone	 and	 ecdysterone	
concentration	in	the	epidermal	cells	(Mordue	et	al.,	1980).	Just	after	moult,	larvae	are	
darker	in	color	and	typically	have	a	softer	cuticle	(Golizadeh	et	al.,	2007).	As	the	instar	

























or	 the	 upper	 epidermis	 (Harcourt,	 1957).	 This	 results	 in	 characteristic	 “windowing”	
effect	often	seen	in	plants	that	have	undergone	DBM	damage	(Fig.	1-2).	Larvae	moult	
four	times	during	development:	from	first	to	second	instar,	second	to	third	instar,	third	
to	 fourth	 instar	 and	 a	 final	 moult	 before	 pupation	 occurs	 (Golizadeh	 et	 al.,	 2007,	
Marchioro	and	Foerster,	2011).	At	20oC	it	takes	larvae	approximately	13	days	to	move	
though	all	the	larval	instars	(Golizadeh	et	al.,	2007).	At	the	end	of	the	fourth	instar	larvae	






The	 larva	then	undergoes	 its	 final	moult	which	 indicates	 it	has	moved	 into	the	pupal	
stage;	the	moulted	skin	remains	within	the	pupae.	At	20oC,	it	takes	larvae	about	seven	
days	 to	move	 though	 the	 pre-pupal	 and	 pupal	 stages	 (Golizadeh	 et	 al.,	 2007).	 After	
emergence	 from	 pupation,	 mating	 and	 oviposition	 can	 start	 almost	 immediately	
(Harcourt,	1954).	The	majority	of	females	begin	oviposition	on	the	day	of	emergence,	































occur	 through	 the	 mutation	 of	 a	 single	 esterase	 gene	 (Furlong,	 2013).	 Conversely,	
resistance	to	organophosphates	 is	known	to	occur	from	resistance	of	multiple	genes,	
including	 those	 coding	 for	 glutathione	 transferase,	 esterase	 and	 mixed-function	
oxidases	(Eziah,	2009).	Cross	resistance	occurs	when	some	key	genes	cause	resistance	
across	more	than	one	insecticide;	for	example,	esterase	mutations	are	known	to	cause	
resistance	 to	 pyrethroid	 and	 indoxacarb	 insecticides,	 and	 resistance	 to	 one	 of	 these	
insecticides	is	likely	to	precede	resistance	to	the	other	(Furlong,	2013).		
There	have	been	numerous	 case	 studies	 that	describe	 the	development	of	 synthetic	
insecticide	resistance	in	DBM	populations	(Furlong	et	al.,	2013).	For	example,	in	the	mid-
1980s	several	novel	 insect	growth	regulators	(IGRs)	were	released	and	used	for	DBM	
control	 in	 the	 Cameroon	 islands.	 Applications	 during	 the	 growing	 season	 normally	











over	 recent	 decades	 have	 been	more	 selective	 for	 DBM,	 in	 an	 attempt	 to	 preserve	
natural	enemy	populations.		However,	novel	selective	insecticides	are	normally	sprayed	
in	 a	 cocktail,	 containing	more	 traditional	 broad-spectrum	 insecticides,	 and	 evidence	
suggests	this	leads	to	more	rapid	development	of	resistance	in	DBM	populations	(Sayyed	
and	Wright,	2004).	This	approach	has	rendered	some	selective	insecticides	redundant.		
There	 is	 limited	 knowledge	 concerning	 specific	 mechanisms	 that	 lie	 behind	 DBM	
insecticide	resistance.	Metabolic	resistance	mechanisms	are	most	commonly	reported	












In	 2009,	 biopesticides	 (including	 bacteria,	 natural	 predators,	 viruses,	 nemotodes,	
protozoa	and	EPF)	made	up	3.5%	of	the	total	global	agrochemicals	market;	this	grew	to	
a	7.7%	market	share	by	2014	(Glare	et	al.,	2012).	The	demand	for	EPF	biopesticides	has	








of	 bringing	 a	 synthetic	 insecticide	 to	market,	 when	 compared	 to	 biopesticides.	 It	 is	
estimated	 that	 it	 takes	 10	 years	 and	 costs	 US$	 250	 million	 to	 launch	 a	 synthetic	
insecticide	product	 (Glare	et	al.,	2012).	 In	comparison,	a	biopesticide	product	can	be	
brought	to	market	in	three	years	at	a	cost	of	US$	5	million	(Marrone,	2011).	Additionally,	
several	synthetic	 insecticide	active	 ingredients	have	been	withdrawn	over	the	 last	20	
years	 (McGrath,	 2014).	 The	 registration	 of	 biopesticide	 products	 is	 promoted	 by	
European	Union	(EU)	policy	which	favours	the	use	of	IPM	and	low	risk	control	products	
(EC,	2009b,	EC,	2009a).	These	factors	indicate	that	the	number	of	biopesticide	products	









For	 example,	 an	 IPM	 system	 may	 employ	 cultural	 control	 strategies,	 behavioural	
management,	 biological	 controls,	 and	 careful	 use	 of	 synthetic	 insecticides	 (Radcliffe,	
2008).	In	principle,	each	component	of	the	IPM	system	is	designed	to	complement	the	
other	 elements.	 This	 has	 the	 benefit	 of	 promoting	 a	more	 sustainable	 system,	 both	
economically	and	environmentally	(Radcliffe,	2008).		
	
Within	 the	 IPM	 system,	 the	 application	 of	 biocontrol	 agents	 can	 be	 split	 into	 three	
categories	 (Mahr	 and	 Ridgway,	 2008).	 The	 first,	 known	 as	 conservation	 biocontrol,	
involves	the	use	of	beneficial	farming	practices	to	maintain	a	population	of	biological	
control	agents	already	native	to	a	particular	area	(McCravy,	2008).	The	second,	known	






For	 example,	 the	 palm	 rhinoceros	 beetle	 (Oryctes	 rhinoceros)	 was	 introduced	 from	
Malaysia	 to	 many	 palm	 tree	 growing	 areas	 in	 India.	 The	 pest	 causes	 damage	 and	
eventual	death	of	palm	trees.	A	viral	pathogen	of	O.	rhinoceros	was	taken	from	Malaysia	








term	 time	 intervals.	 The	 goal	 of	 inoculation	 control	 is	 often	 to	 trigger	 an	 epizootic	











DBM	 control	 (Grzywacz	 et	 al.,	 2010,	 Lim,	 1992).	 IPM	 systems	 are	 more	 difficult	 to	
implement	by	growers	and	require	greater	skills	and	know-how	than	 insecticide	only	
approaches.	 Decisions	 need	 to	 be	 made,	 usually	 based	 on	 the	 density	 of	 the	 pest	
population,	on	which	elements	of	the	IPM	system	to	deploy	at	any	one	particular	time.		
Although	the	separate	elements	of	the	IPM	system	are	readily	available,	there	is	a	lack	






















approximately	 700	 species	 of	 fungi	 from	 56	 genera	 that	 have	 been	 shown	 to	 infect	
arthropods	 (Lacey	 et	 al.,	 2001,	 Chi,	 2007).	 Apart	 from	 being	 able	 to	 cause	 insect	
mortality,	 EPF	 have	 a	 range	 of	 other	 benefits.	 When	 compared	 to	 many	 synthetic	
pesticides	 they	 are	 considerably	 less	 harmful	 to	 many	 beneficial	 organisms	 such	 as	
natural	predators	of	DBM,	bumble	and	honey	bees,	and	earth	worms	(Garrido-Jurado	





2005,	Neves	 et	 al.,	 2001).	 It	 is	 likely	 that	 EPF	would	be	 applied	 along	with	 synthetic	
insecticides	 within	 an	 IPM	 system.	 For	 example,	 Nian	 et	 al.	 (2005)	 described	 a	
predominantly	synergistic	interaction	when	an	I.	fumosorosea	EPF	was	applied	with	Bt	





Additionally,	 it	 is	known	that	EPF	are	able	to	persist	 in	the	environment,	either	on	or	
near	pests,	after	being	sprayed	(Shah	and	Pell,	2003).	The	use	of	EPF	biopesticides	is	also	
known	 to	 reduce	 the	 expression	 of	 insecticide	 resistance	 in	 mosquito	 populations	





EPF	 consist	 of	 any	 fungi	which	 are	 able	 to	 infect	 insects	 as	well	 as	 other	 terrestrial	
arthropods	such	as	mites,	ticks	and	spiders	(Chandler,	2017).	There	are	estimated	to	be		
EPF	 species	 in	 at	 least	 seven	 fungal	 phyla	 (Kendrick,	 1981).	 Entomopathogenicity	 is	
thought	to	have	evolved	independently	in	each	phylum.	EPF	are	contained	within	two	
main	groups;	the	phylum	Entomophthoromycota	and	the	order	Hypocreales.	EPF	from	




(Chandler,	 2017).	 EPF	 from	 the	 Hypocreales	 are	 known	 to	 have	 evolved	 from	 plant	






There	 are	 three	 Hypocrealean	 families:	 Clavicipitaceae,	 Cordycipitaceae	 and	
Ophiocordycipitaceae.	Clavicipitaceae	and	Ophiocordycipitaceae	are	sister	taxa,	having	








a	 fruiting	 body.	 Because	 the	 anamorphic	 and	 telemorphic	 forms	 have	 different	






most	 commonly	used	as	biological	 control	 products	 are	Metarhizium	 and	Beauveria.	
Beauveria	contains	10	species	(Rehner	et	al.,	2011),	the	most	agronomically	important	
of	which	 is	Beauveria	 bassiana	 (as	 it	 is	 the	 active	 ingredient	 in	 the	most	 biocontrol	
products).	Metarhizium	 anisopliae	 has	 been	 resolved	 into	 10	 species	 (Bischoff	 and	
Rehner,	2009).		
	
Beaveria	 bassiana,	 Isaria	 fumosorosea,	 Metarhizium	 and	 Lecanicillium	 EPF	 can	 be	





clusters.	 Cultures	 of	Metarhizium	 	 EPF	 (including	 the	 species	M.	 anisopliae	 and	M.	
brunneum)	are	white	whilst	in	the	mycelial	growth	phase.	However,	Metarhizium	spores	
are	 green	 and	 oblong	 (which	 changes	 the	 colour	 of	 the	 culture)	 and	 are	 grouped	











immune	 system	 to	 cause	 infection	 (Hajek	and	St.	 Leger,	1994).	 Insect	mortality	 then	








highly	dynamic	process	which	 involves	 the	 interaction	of	 the	 conidia	with	 the	 insect	
cuticle,	is	critical	for	the	establishment	of	infection	(Oduor	et	al.,	1997).	EPF	conidia	are	
hydrophobic	 which	 allows	 rapid	 attachment	 to	 the	 insect	 cuticle	 (Chandler,	 2017).	
Typically,	a	relatively	high	number	of	EPF	conidia	are	required	to	cause	lethal	infection	
(Hesketh	et	al.,	2010).	Prior	to	germination,	the	spore	(resting	on	the	cuticle	surface)	
absorbs	 water	 through	 osmosis	 and	 begins	 to	 swell.	 Mucus	 is	 also	 secreted,	 which	
provides	 the	means	 by	which	 the	 spore	 attaches	 to	 the	 insect	 cuticle	 (Boucuas	 and	
Pendland,	1991).	At	 this	point,	 the	spore	 is	highly	dependent	on	 favourable	 levels	of	
humidity	to	be	maintained	for	infection	to	continue	(Hajek	and	St.	Leger,	1994).	Once	
resting	on	the	insect	cuticle,	conidia	encounter	the	first	line	of	insect	defence	(Leger	et	


























protection	 against	 weak	 pathogens.	 B.	 bassiana,	 for	 example,	 has	 been	 shown	 to	
overcome	 the	 insect	 hemocyte	 response	 (Hou	 and	 Chang,	 1985).	 Hypocrealean	 EPF	







and	 secretion	 of	 a	 range	 of	 antifungal	 molecules	 (Chandler,	 2017).	 The	 systemic	
response	 is	mediated	 by	 three	 interlinked	 pathways;	 the	 Toll	 pathway,	 the	 immune	
deficiency	(Imd)	pathway	and	the	Janus	kinase/signal	transduction	and	activator	of	
transcription	 (JAK/STAT)	 pathway	 (Chandler,	 2017).	 The	 Toll	 pathway	 is	 primarily	
responsible	 for	 the	 fungal	 systemic	 immune	 response,	 although	 there	 is	 cross-talk	
between	 all	 three	 pathways.	 The	 immune	 reaction	 starts	 with	 the	 detection	 of	 the	
fungal	 pathogen,	 a	 cascade	 reaction	 then	 follows	 which	 triggers	 the	 production	 of	
antimicrobial	 peptides	 (AMPs)	 which	 get	 secreted	 into	 the	 hemolymph	 (Chandler,	
2017).	Several	different	classes	of	AMPs	exist,	all	of	which	have	antimicrobial	properties	
























Despite	 the	 potential	 that	 EPF	 biopesticides	 hold,	 there	 has	 been	 a	 general	 lack	 of	
uptake	by	growers,	which	 is	partly	due	to	a	 lack	of	available	products	on	the	market	
designed	for	the	control	of	DBM.	According	to	a	review	by	Grzywacz	et	al.	(2010)	there	
is	at	 least	one	product	based	on	an	EPF	which	 is	 currently	being	used	 in	 the	 field	 to	













reported	 it	 caused	 83.2%	 mortality,	 and	 an	 LT50	 of	 3.6	 days,	 in	 groups	 of	 larvae.	
However,	 there	 has	 been	 a	 lack	 of	 large-scale	 screens.	 Two	 previous	 screens	 have	
involved	more	 that	20	EPF	 isolates.	Wraight	et	al.	 (2010)	 screened	a	 cohort	of	43	B.	











Growers	 lack	 confidence	 in	 EPF	 biopesticides	 because	 they	 have	 a	 level	 of	
unpredictability	not	seen	with	synthetic	insecticides	in	terms	of	insect	control	(Lacey	et	
al.,	 2001).	 Isolates	 which	 display	 high	 virulence	 in	 the	 laboratory	 can	 be	 virtually	
ineffective	in	the	field	(Thomas	and	Blanford,	2003).	Temperature	is	the	most	important	
factor	that	affects	insect	development	and	fungal	physiology	and	is	likely	to	contribute	





The	 effect	 of	 temperature	 on	 DBM	 development	 and	 the	 effect	 of	 temperature	 on	
fungal	 physiology	 are	 known	 as	 genotype	 x	 environment	 interactions	 (GxE).	 These	
interactions	have	been	investigated	in	detail	and	invariably	have	non-linear	responses	
which	 are	 skewed	 to	 the	 left.	 For	 example,	 Golizadeh	 et	 al.	 (2007)	 determined	 the	
development	 rate	of	DBM	(from	egg	 lay	 to	adult)	at	 seven	 temperatures,	and	 found	
there	to	be	a	linear	increase	in	development	rate	between	10	and	30oC,	before	a	sharp	











for	 describing	 gentle	 increases	 in	 response	 up	 the	 optimum	 temperture,	 and	 rapid	
decline	between	the	thermal	optima	and	the	maximum	temperature.	Non-linear	models	
can	be	used	to	determine	cardinal	temperatures	with	high	biological	significance,	 for	
example:	T0	 (the	 lowest	 temperature	where	physiological	 response	occurs)	and	Topt	
(the	 optimum	 temperature	 of	 the	 response).	 The	 non-linear	models	 described	 here	
generally	 fit	 well	 to	 DBM	 development	 and	 fungal	 pysiology	 data	 over	 temperature	
ranges.	For	example,	the	Briere-1	model	produced	r2	values	of	0.81-0.89	and	0.98	when	












(2010)	 completed	 a	 screen	 of	 43	B.	 bassiana	 isolates	 against	 DBM	 larvae	 at	 a	 fixed	
temperature	of	20oC.	B.	bassiana	and	M.	anisopliae	EPF	virulence	against	insects	have	
shown	 to	 be	 highly	 influenced	 by	 temperature	 (Vandenberg	 et	 al.,	 1998a,	 Kuboka,	












For	 example,	 a	 non-linear	 response	was	 seen	 for	 virulence	 of	M.	 anisopliae	 against	
western	 flower	 thrips	 over	 several	 temperatures	 (although	 this	 relationship	was	 not	
explained	using	non-linear	models)	(Kuboka,	2013).	Unlike	GxE	interactions,	there	has	
been	a	 lack	of	 use	of	mathematical	models	 (such	 as	 those	proposed	by	 Logan	et	 al.	




within	 biocontrol.	 For	 example,	 it	 is	 often	 assumed	 that	 because	 a	 certain	 EPF	
germinates	 or	 grows	 well	 at	 high	 temperatures	 the	 same	 isolate	 will	 cause	 insect	
mortality	 at	 high	 temperatures.	 For	 example,	Davidson	 et	 al.	 (2003)	 determined	 the	















DBM	population	density	 is	 likely	 to	be	proportional	 to	 temperature.	DBM	 is	 likely	 to	
cause	 the	 most	 crop	 damage	 at	 temperatures	 close	 to	 its	 optima	 for	 development	









taken	 from	 the	 laboratory	 to	 the	 field,	 it	 is	 important	 to	 know	whether	 virulence	 at	
fluctuating	 temperatures	 can	 be	 predicted	 from	 experiments	 completed	 at	 constant	
temperatures,	however,	this	is	currently	unknown.	Experiments	completed	to	compare	
insect	development	and	fungal	growth	at	constant	and	fluctuating	temperatures	have	
produced	 conflicting	 results.	 Bale	 (1999)	 reported	 that	 development	 rates	 of	 nettle-
feeding	 larvae	differed	between	constant	and	 sinusoidal	 temperature	 regimes	which	
shared	 the	 same	mean	 temperature,	whereas	 Burgess	 and	Griffin	 (1967)	 found	 that	
fungal	growth	rate	at	fluctuating	temperatures	could	be	predicted	from	fungal	growth	
rates	 at	 constant	 temperatures.	 Given	 the	 complexity	 of	 the	 GxGxE	 interaction	 it	 is	











EPF	 biopesticides	 take	 far	 longer	 than	 some	 synthetic	 insecticides	 to	 cause	 insect	
mortality.	For	example,	it	is	known	that	pyrethriod	based	insecticides	can	cause	insect	
death	almost	instantaneously,	whereas	EPF	biopesticides	take	56hr	to	cause	a	systemic	





these	 interactions.	There	has	been	 too	much	 focus	on	studying	elements	of	 the	 IPM	
system	in	isolation	when	a	holistic	approach	is	needed	(Lim,	1992).	However,	there	have	






























locust	 in	an	biocontrol	 system	(Langewald	et	al.,	1997).	However,	 there	has	been	no	





























The	aim	of	 this	 project	was	 to	 increase	understanding	of	why	EPF	display	 a	 variable	
performance	 when	 controlling	 DBM	 populations	 by	 studying	 interactions	 between	
different	elements	of	 the	 IPM	system.	Once	 identified,	 the	sources	of	variation	were	
addressed	to	improve	consistency	of	EPF	performance.	The	composite	objectives	of	this	















































































as	 the	 ‘adult	 cage’,	 in	 a	 controlled	 environment	 room.	 Two	 to	 three	Brussels	 sprout	
plants	were	placed	 in	 the	adult	 cage	 for	 two	 to	 three	days	 so	oviposition	could	 take	
place.	 The	 Brussels	 sprout	 plants	 were	 then	 placed	 in	 larger	 mesh	 cage	
(47.5x47.5x47.5cm)	known	as	the	‘larvae	cage’.	Mature	cauliflower	(five	to	ten	weeks	
old)	plants	were	added	to	the	cage	twice	a	week	to	feed	developing	larvae.	Emerged	


































































































(c) Isolate	 forms	 the	active	 ingredient	 in	 the	 proprietary	mycopesticide	 ‘BotaniGard’	 (Mycotech	Corporation,	PO	Box	4109,	
Butte,	MT	59702,	USA).	
(d) Isolate	taken	from	the	Warwick	Crop	Centre	culture	collection,	after	being	identified	during	an	MSc	research	project.		




























removed	 from	 deep	 freeze	 and	 spread	 on	 SDA	 contained	 in	 a	 30ml	 Universal	 tube,	


























The	bioassay	protocol	 used	was	 the	 same	as	 used	 in	Wraight	 et	 al.	 (2010),	 the	only	
difference	being	leaf	discs	were	used	to	sustain	DBM	larvae,	rather	than	artificial	diet.	
Early	second	instar	larvae	were	selected	from	the	fixed	age	culture	(distinguished	from	





The	 desired	 EPF	 conidial	 suspension	 (or	 a	 Triton	 X-100	 control)	 at	 the	 desired	
concentration	was	 then	 applied	 to	 groups	 of	DBM	 (contained	within	 the	 petri	 dish),	
using	a	Potter	tower	air	atomising	sprayer	(Potter,	1952),	as	follows:	before	each	spray,	
the	 petri	 dish	 lid	 containing	 DBM	 larvae	 was	 sprayed	 lightly	 with	 RO	water	 using	 a	
handheld	sprayer	(VWR	International	Ltd,	UK)	until	the	filter	paper	was	damp.	An	18x18	
mm	coverslip	was	then	placed	on	the	damp	filter	paper,	before	being	placed	in	the	spray	
table	of	 the	Potter	 tower	and	 secured	below	 the	 spraying	nozzle	using	a	 retractable	
metal	arm.	A	vortex	was	then	used	to	shake	the	30	ml	Universal	bottle	containing	the	


















treatment,	 for	 seven	days.	Dead	 larvae	were	 removed	and	 incubated	on	damp	 filter	
paper	within	 Petri	 dishes	 (20	 ±	 1°C,	 darkness)	 for	 seven	days,	 and	 inspected	 for	 the	
presence	of	mycelium	on	cadavers.	
	
Spore	 viability	was	 assessed	 simultaneously	 to	 the	 screen	being	 completed;	 20	μl	 of	
spore	suspension	was	pipetted	onto	SDA	and	incubated	for	18	hr	at	20	±	1°C,	(darkness).	





















During	 certain	 experiments	 it	 was	 necessary	 to	 determine	 the	 number	 of	 conidia	
present	on	the	insect	cuticle	after	treatment.	At	the	desired	time	point,	an	individual	
larva	was	removed	from	the	experiment	with	a	fine	paintbrush	and	placed	in	a	1.5ml	


















This	 solution	was	 then	 diluted	 appropriately	 before	 100ul	 was	 spread	 on	 evenly	 on	
genera	specific	media	using	a	hockey-stick	spreader	(Fisher	Scientific).	For	M.	brunneum	
isolates	media	containing	cyloheximide	was	used	(Chase	et	al.,	1986).	For	B.	bassiana	


















using	 a	 hockey-stick	 spreader	 (Fisher	 Scietific).	 For	 M.	 brunneum	 isolates	 media	
containing	 cyloheximide	was	 used	 (Chase	 et	 al.,	 1986).	 For	B.	 bassiana	 isolates	 SDA	


















































each	 concentration	 (plus	 an	untreated	 control)	was	analysed.	 	 Initially,	 five	 common	
models	based	on	a	binomial	distribution	were	 tested	 for	 suitability;	 these	were	 two,	
three	and	 four	parameter	 log-logistic	models	and	Weibull-1	and	a	Weibull-2	models.	
Log-logistic	models	 are	 by	 far	 the	most	 commonly	 used.	 The	 generalized	 log-logisitc	
model	has	the	following	equation:		
	








four-parameter	 log-logistic	 model	 all	 four	 parameters	 are	 estimated	 from	 the	















	! ", $, %, &, ' = % + & − % (1 − exp	(− exp $ log " − log ' )	
(3)	
	
In	 the	 Weibull-1	 and	 -2	 models,	 b	 represents	 the	 steepness	 of	 the	 curve,	 c	 and	 d	
represents	the	lower	and	upper	limits	of	the	model,	and	e	represents	the	LC50	(Fig.	2-





















values	were	 individually	estimated	 for	each	 isolate.	 If	 the	constrained	model	was	no	
worse	 than	 the	 unconstrained	 model	 the	 constrained	 model	 was	 used.	 This	 same	
process	was	completed	for	the	LC50	parameter.		
	
If	 only	 one	 treatment	 was	 used	 in	 the	 experiment	 (for	 example;	 a	 concentration	
response	 experiment	 using	 one	 insecticide)	 the	 process	 of	 reducing	 the	 number	 of	
model	parameters	was	not	required	(Cockerton,	2013).		
	







When	 completing	 bioassays	 against	 insects	 it	 is	 common	 for	 a	 certain	 proportion	 of	
individuals	 to	 die	 from	 causes	 not	 related	 to	 application	 of	 the	 particular	 substance	
being	 studied.	 To	 determine	 the	 proportion	mortality	 caused	 by	 the	 treatment,	 the	








mortality,	 rather	 than	 Abbot’s	 formulae	 (Puntener,	 1981,	 Abbot,	 1925).	 	 In	 the	






treatment	 groups.	Where	 the	 number	 of	 individuals	 were	 the	 same	 in	 treated	 and	




























There	are	over	700	species	of	 fungi,	 from	53	genres,	that	have	been	shown	to	 infect	




to	 control	 DBM	 in	 the	 field.	 There	 are	many	 reasons	 for	 the	 lack	 of	 uptake	 of	 EPF	




problems	with	 the	 large-scale	 production	 and	 application	 of	 Z.	 radicaans	which	 has	




Because	 of	 the	 lack	 of	 available	 EPF	 biopesticide	 products	 on	 the	 market	 for	 DBM	
control,	 there	 is	much	 to	be	gained	 from	the	continuation	of	 research	 into	potential	
insect-virulent	candidates.	Not	least	because	the	pool	of	active	synthetics	toxic	to	DBM	













be	 screened	 against	 DBM	 to	 identify	 virulent	 candidates.	 There	 have	 been	 many	
examples	of	small	scale	screens	in	the	literature	in	which	one	or	two	isolates	have	been	
applied	 to	 DBM.	 For	 example,	 two	 isolates	 from	 Benin	were	 screened	 against	 DBM	
larvae	 and	 found	 to	 cause	 over	 80%	mortality	 at	 the	 highest	 concentration	 applied	













ii. Treatment	 of	 leaf	 discs,	 either	 by	 immersion	 or	 direct	 application,	 with	 conidia	
formulation	before	allowing	larvae	to	feed	on	treated	leaves	(referred	to	as	the	“leaf	
application”	technique).	
iii. Treatment	 by	 immersing	 larvae	 in	 conidia	 formulation	 (referred	 to	 as	 the	 “larval	
immersion”	technique).	
iv. Showering	 larvae	 with	 actively	 discharged	 conidia	 (which	 is	 only	 relevant	 to	
Entomophorales	isolates).		
	

















assessed	 for	 virulence	 against	 DBM.	 But	 before	 the	 screen	 could	 be	 completed	 an	
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up	 of	 10μl	 of	 RedTaq	 (Sigma)	 along	 with	 1μl	 of	 the	 10μM	 ITS-1	 primer	 (5ʹ-
TTCGTAGGTGAACCTGCGG-	 3ʹ)	 and	 1μl	 of	 the	 10μM	 ITS-4	 primer	 (5ʹ-









up	 of	 10μl	 of	 RedTaq	 (Sigma)	 along	 with	 1μl	 of	 the	 10μM	 ITS-5	 primer	 (5ʹ-	
GGAAGTAAAAGTCGTAACAAGG	 -3ʹ)	 and	 1μl	 of	 the	 10μM	 ITS-4	 primer	 (5ʹ-	









































































Spore	 viability	was	 assessed	 simultaneously	 to	 the	 screen	being	 completed;	 20	μl	 of	






























































Anovas	 to	 find	significant	differences	between	mortality	caused	by	different	 isolates,	




































































































and	 1x108	 conidia	ml-1,	 respectively	 (Fig.	 3-2).	 No	 significant	 differences	 in	mortality	






There	 was	 a	 general	 decrease	 in	 conidia	 present	 on	 the	 leaf	 surface	 after	 being	
immersed,	 	 a	 decrease	 in	 conidia	 present	 on	 the	 larval	 cuticle	 after	 being	 sprayed	
(regardless	 of	 concentration	 used)	 was	 also	 observed.	 A	 similar	 decrease	 in	 conidia	
present	on	 the	 larval	 cuticle	was	observed	between	6	 and	48hr	 after	 treatment,	 for	
larvae	 that	 had	 been	 treated	 using	 the	 leaf	 application	 method	 (regardless	 of	




1x108	 conidia	 ml-1	 and	 larval	 spray	 at	 1x107	 conidia	 ml-1)	 at	 every	 time	 point	 after	
treatment.	 By	 48hr	 after	 treatment	 there	 was	 no	 significant	 difference	 between	 in	




seen	 at	 both	 concentrations	 of	 conidia	 at	 each	 time	point	 after	 treatment,	with	 the	
exception	 of	 12hr	 after	 treatment	 at	 1x108	 conidia	 ml-1,	 where	 spores	 were	 at	
concentration	 of	 1.4x105±3.6x104	 	 conidia	 mm2	 on	 the	 leaf	 disc,	 an	 increase	 from	

















the	 leaf	application	 technique	at	1x107and	1x108	 conidia	ml-1	 (displayed	by	black	and	 red	
markers,	respectively)	at	6,	12,	24	and	48hr	after	being	placed	on	the	treated	leaf	disc.	B)	
Conidia	 (conidia	 larvae-1)	present	on	 the	 larval	 cuticle	after	 being	 treated	using	 the	 larval	
spray	 technique	 at	 1x107and	 1x108	 conidia	 ml-1	 (displayed	 by	 black	 and	 red	 markers,	






























































































	 Control		 9.0	 -	
	 	 F	value	 22.9	
















Dose	 received	 by	 larvae	 after	 being	 sprayed	 ranged	 from	 7±1	 conidia	 larvae-1	 at	 a	






concentration	 applied	 and	 received	 (Anova,	 p=<0.001).	 A	 two-parameter	 model	
(p=<0.001)	explained	96.2%	of	variation	with	in	the	data	(Fig.	3-4).		
	
As	 expected,	 there	 was	 also	 a	 large	 degree	 in	 variation	 in	 the	 second	 metric	 of	
concentration	received,	conidia	mm2.	Concentration	received	ranged	from	57±4	conidia	
mm2	at	the	lowest	fungal	concentration	to	3.1x104±1.9x103	at	the	highest.		Again,	a	less	
than	 10-fold	 increase	 in	 concentration	 received	 between	 every	 increase	 in	
concentration	applied	suggested	that	conidia	were	being	lost	in	the	spray	process.	 	A	






When	 assessing	 the	 relationship	 between	 the	 two	 concentration	 received	metrics,	 a	
linear	 relationship	 was	 found.	 Perhaps,	 because	 both	 of	 these	 metrics	 had	 been	
influenced	by	conidia	loss	during	spray	and	so	received	the	same	proportion	of	spores.	

































































































LC50	values.	To	begin	with,	 two-,	 three-,	and	 four-parameter	 log-logistic	models	and	
Weibull-1	and	-2	models	were	compared	using	a	lack-of-fit	test.	The	two-parameter	log-
logistic	model	provided	the	highest	P-value	(0.72)	and	was	selected	(Table	3-6).	It	was	




Genus	 Isolate	 LC50±SE	conidia	ml-1	 conidia	larvae-1	 conidia	mm2	
B.	bassiana		 433.99	 4.6x106	±1.3x106	cd	 215±46	 2884±742	
	 1757.15	 7.2x104	±	5x104	a	 15±5	 73±51	
M.	brunneum	 275.86	 1x106	±2.3x105	b	 67±9	 742±145	
	 445.99	 7.6x106	±2.2x106	d	 315±69	 4414±1158	
	 1760.15	 1.5x106	±3.8x105	bc	 92±17	 1024±241	







a	model	 with	 LC50s	 estimated	 for	 each	 isolate	 and	 a	 single	 slope	 parameter	 for	 all	
isolates,	 the	 second	 Anova	 compared	 a	 model	 with	 LC50	 and	 slope	 parameters	
estimated	for	each	isolate	with	a	model	with	a	single	LC50	estimated	for	all	isolates	and	
individually	estimated	slope	parameters.	P-values	of	0.0	and	0.032	were	generated	for	
each	Anova,	 respectively.	This	 suggested	 that	 the	model	 fit	was	worse	 if	parameters	

































Several	 problems	were	 encountered	when	 completing	 bioassays	 against	DBM	 larvae	
(Table	 3-7).	 Initially,	mortality	was	 observed	 to	 be	 very	 variable	when	 second	 instar	
larvae	were	sprayed	with	EPF.	It	was	proposed	that	this	was	due	to	there	being	too	much	
variation	of	age	of	 larvae	within	 the	 second	 instar.	To	combat	 this,	 larvae	were	only	
selected	for	experimentation	if	they	were	newly	molted	into	the	second	instar.	Newly	
molted	 larvae	were	 identified	 by	 a	 visibly	 darkened	 cuticle	 and	 the	 presence	 of	 the	




the	 molt	 to	 the	 next	 instar.	 This	 mechanism	 of	 avoidance	 has	 been	 referred	 to	 in	

















of	 the	bioassay)	was	 a	 problem	 that	 had	 to	be	 solved	during	 the	project.	 The	 initial	
bioassay	containers,	used	 in	 the	screen	of	 candidate	 isolates,	had	“snug-fit”	 lids,	but	
larvae	regularly	escaped	during	the	course	of	the	bioassay.	Different	containers,	with	










an	 impact	 on	 larval	 susceptibility	 to	 conidial	 infection.	 To	 address	 this,	 during	






















using	 the	 larval	 immersion	 technique.	 When	 taking	 into	 account	 the	 high	 control	






techniques.	 However,	 it	 was	 observed	 that	 dose	 received	 by	 larvae	 was	 easier	 to	



























































































brunneum	 275.86)	 and	 Bio-Blast	 (M.	 brunneum	 445.99).	 As	 well	 as	 the	 three	 highly	
virulent	B.	bassiana	isolates,	a	number	of	novel	isolates	were	found	to	cause	mortality.	






Concentration-mortality	 response	 experiments	 were	 then	 completed	 to	 further	
investigate	the	interactions	between	virulent	isolates	and	DBM.	Six	isolates	were	chosen	
to	 for	 inclusion	 in	 dose	 response	 experiments.	 A	 highly	 virulent	 B.	 bassiana	 isolate	
(1757.15)	was	included.	The	commercial	isolates	B.	bassiana	433.99	(BotaniGard)	,	M.	
brunneum	445.99	(Bio-Blast)	and	M.	brunneum	275.86	(Met52)	were	also	included	to	
provide	 a	 bench	 mark	 against	 which	 other	 novel	 isolates	 could	 be	 compared.	 M.	






















within	 the	 context	 of	 DBM	 literature	 can	 be	 challenging,	 this	 is	 because	 application	
procedures	and	measurement	of	dose	received	often	varies	between	study.	However,	
B.	bassiana	1757.15’s	LC50	(129±20	conidia	mm2	six	days	after	treatment)	is	comparable	







longer	 germ	 tubes	when	 compared	 to	 other	 isolates,	 over	 the	 same	period	 of	 time.	
Presumably	this	would	make	the	isolates	more	effective	at	penetrating	the	insect	cuticle	
and	 causing	 a	 systemic	 infection.	 It	 was	 also	 noted	 that	 insect	 mortality	 due	 to	 B.	
bassiana	 1757.15,	 1758.15	 and	 1759.15	 occurred	 two	 to	 three	 days	 before	mycosis	









metabolites	 because	 they	 express	 the	 complementary	 targets	 (Chandler	 2017).	 To	
confirm	this	hypothesis	the	relevant	secondary	metabolite	genes	in	B.	bassiana	1757.15,	
1758.15	 and	 1759.15	would	 have	 to	 identified	 and	 knocked-down.	 Virulence	 of	 the	
knocked-down	and	wild-type	isolates	could	then	be	compared.	This	type	of	study	has	
seldom	 been	 completed	 in	 the	 past,	 with	 most	 investigations	 in	 the	 importance	 of	
secondary	metabolites	 involving	 the	direct	 injection	of	 such	metabolites	 through	 the	
insect	 cuticle	 (Chandler,	 2017).	 However,	 a	 study	 by	 Xu	 et	 al.	 (2008)	 found	 that	 a	





original	 screen	M.	Brunneum	 275.86	 caused	approximately	50%	mortality	and	 in	 the	
concentration	 response,	 at	 the	 same	 dose,	 the	 isolate	 caused	 approximately	 80%	
mortality.	This	was	assumed	to	be	an	artifact	of	the	inherent	variation	observed	with	in	























































zones	 in	 many	 regions	 of	 the	 world	 (Sarfraz	 et	 al.,	 2005).	 The	 rates	 at	 which	 all	
physiological	 processes	 occur	 within	 DBM	 are	 dependent	 upon	 temperature	 of	 the	




development	 (Hallman	 and	 Denlinger,	 1998).	 	 EPF	 are	 also	 ectothermic	 organisms,	
temperature	is	known	to	be	an	important	determinant	of	EPF	physiological	processes.	
It	 is	 known	 that	 EPF	 of	 different	 species	 can	 vary	 immensely	 in	 their	 response	 to	
temperature	 (Davidson	 et	 al.,	 2003).	 Considering	 the	 fact	 that	 EPF	 and	 DBM	 are	
ectothermic	organisms,	temperature	is	an	important	determinant	of	the	EPF	infection	
process	of	DBM	and	can	influence	both	speed	of	kill	and	over	proportion	mortality	of	
















in	 the	 field.	 Interaction	 (i)	 can	 provide	 accurate	 predictions	 on	 the	 prevalence	 and	
population	density	of	DBM	in	the	field	(Baker	et	al.,	1982),	growers	can	then	tailor	their	










































with	 the	development	DBM	 from	egg	 to	 adult	 (Hough,	 2013).	 It	 is	 known	 that	 a	DD	
approach	can	be	used	to	predict	the	time	required	for	DBM	to	develop	from	egg	to	adult	
at	 fluctuating,	 field	 typical,	 temperatures	 (Baker	 et	 al.,	 1982).	 A	 DD	 represents	 the	
accumulation	of	heat	energy	over	time	(Bryant	et	al.,	1998).	DD	are	only	accumulated	if	
the	 temperature	 is	 above	 the	 minimum	 temperature	 at	 which	 insect	 development	
occurs	 (T0),	 and	 below	 the	 optima	 for	 insect	 development	 (Topt).	 There	 are	 several	
methods	used	to	calculate	the	number	of	DD	acrewed	per	day,	all	these	methods	use	
daily	maximum	and	minumum	temperature	values	(taken	from	the	field).	The	simplist	
equation	 is	 based	 on	 taking	 the	mean	 of	 the	maximum	 and	minimum	 temperature	
(Hough,	 2013).	 AIe	 method,	 known	 as	 The	 Met.	 office	 equation,	 provides	 a	 more	
accurate	 estimation	 of	 DD.	 This	 equation	 assumes	 a	 sino-soidal	 distrubution	 of	
temprature	over	a	24hr	period,	which	is	 lilkey	to	be	more	ecologicallly	relevant	(Day,	
2006)	 (Fig.	 4-1).	 In	principle,	 the	 time	between	 two	 insect	developmental	 stages	 (i.e	
from	egg	lay	to	emergence	of	adult)	would	occur	at	a	constant	DD	sum	regardless	of	the	
temperature	the	DD	were	accumulated	at.	In	practice,	number	of	DD	accumulated	from	
a	 specific	 temporal	 starting	 point	 are	 calculated.	 The	 date	 at	 which	 the	 number	 of	














isolates.	 Consistently	 high	 r2	 values	 and	 low	 standard	 errors	 for	 model	 parameters	
resulted	 in	 Briere	 being	 proposed	 as	 the	 most	 appropriate	 model	 to	 describe	 the	






interaction	 as	 temperature	 influences	 both	 the	 physiology	 of	 DBM	 and	 EPF.	 The	
interactions	 between	 EPF	 and	DBM	 (a	 genotype	 x	 genotype	 (GxG)	 interaction)	 have	
been	 well	 studied.	 The	 effect	 of	 temperature	 on	 EPF	 physiology,	 and	 the	 effect	 of	
temperature	 on	 DBM	 physiology	 has	 also	 been	 well	 studied	 (both	 are	 genotype	 x	
environment	interactions	(GxE))	(Thomas	and	Blanford,	2003).	However,	there	has	been	
a	general	lack	of	study	into	the	effect	on	temperature	on	virulence	of	EPF	isolates.	The	
thermal	 physiology	 profiles	 of	 EPF	 and	 DBM	 can	 provide	 useful	 information	 on	 EPF	
virulence	against	DBM.	 	However,	 the	most	 reliable	way	 to	understand	 the	effect	of	
temperature	 on	 EPF	 virulence	 is	 to	 complete	 experiments	 where	 insect	 survival	 is	
monitored	at	several	 temperatures,	 ideally	over	 the	complete	 thermal	 range	of	both	
DBM	and	EPF	 (Thomas	and	Blanford,	2003).	This	 is	because	of	 the	complexity	of	 the	
GxGxE	 interaction.	 Temperature	 effects	 the	 rate	 of	 fungal	 physiological	 processes	
related	to	 infection.	For	example,	germination	(Hajek	and	St.	Leger,	1994),	growth	of	
mycelium	 (Davidson	 et	 al.,	 2003)	 and	 production	 of	 virulence	 determinants	 (Sajjad,	




physiological	 processes	 are	 also	 effected	 which	 are	 not	 explicitly	 related	 to	 fungal	



















responses	under	 “field	 typical”	 fluctuating	 temperature	 conditions	 (Hau	et	 al.,	 1985,	
Hagstrum	 and	 Milliken,	 1991,	 Bale,	 1999).	 For	 example,	 Bale	 (1999)	 showed	 that	
development	rates	of	nettle-feeding	 larvae	differed	between	constant	and	sinusoidal	
temperature	regimes	which	shared	the	same	mean	temperature,	presumably	because	
the	 physiology	 of	 the	 insect	 an	 any	 one	 temperature	 is	 effected	 by	 previous	
temperatures	it	has	experienced.	Conversely,	Burgess	and	Griffin	(1967)	found	that	the	
growth	rate	of	fungi	experiencing	diurnal	temperature	fluctuations	could	be	accurately	
predicted	 from	 fungal	 growth	 rates	 at	 constant	 temperatures.	 As	 a	 result,	 it	 was	
proposed	that	the	growth	rate	of	fungi	at	any	given	temperature	was	unaffected	by	its	
previous	temperature	experience	(Burgess	and	Griffin,	1967).	Here,	the	DD	model	would	























the	 latter	would	 receive	 less	 resistance	 from	host	 	 immune	responses	 (Hajek	and	St.	
Leger,	1994).	It	also	known	that	spores	are	shed	from	insect	cuticle	larvae	in	the	moult	

















































insect	 development	 rate	 and	 temperature.	 A)	 A	 typical	 non-linear	 mathematical	 model	
describing	 a	 left-skewed	 distribution,	 cardinal	 temperatures	 T0,	 Topt	 and	 Tmax	 can	 be	
















































prevent	 leaf	 drying)	 kept	 at	 the	 desired	 temperature	 (16:8	 hr)	maintained	with	 in	 a	
Gallenkamp	incubator.	The	petri	dish	was	unsealed,	and	the	lid	was	modified	to	provide	
aeration.	Eggs	were	checked	for	viability	every	24hrs	after	being	laid,	if	neonatal	larval	


































of	 the	 seven	day	experiment:	10,	15,	20,	25,	30	and	35oC.	M.	brunneum	 445.99	and	











Assessment	 of	 virulence	 of	 four	 isolates	 (B.	 bassiana	 433.99	 and	 1757.15	 and	M.	
brunneum	 275.86,	 445.99	 and	 1760.15)	was	 assessed	 at	 three	 variable	 temperature	
regimes	 using	 the	 bioassay	 procedure	 described	 in	 2.4.	 Temperature	 regime	 one	
(referred	to	here	as	9-15)	began	at	9oC	and	increased	by	1oC	every	2hr	until	15oC	was	
reached	at	12hr,	the	temperature	then	dropped	by	1	oC	every	2hr	until	10	oC	was	reached	

















































and	 the	 various	 dependent	 variables	 recorded	 (germination	 proportion	 and	 colony	
extension	 rate	 of	 candidate	 isolates,	 development	 rate	 of	 DBM,	 and	 virulence	 of	
selected	 candidate	 EPF	 isolates)	 using	 five	non-linear	models.	 The	 suitability	 of	 each	
model	could	then	be	compared	AIC	values	and	r2	so	that	one	model	could	be	used	to	
describe	the	effect	of	temperature	on	each	dependent	variable.	Models	were	fitted	to	
data	 in	 RStudio	 (version	 0.99.903	 –	 ©	 2009-2016	 RStudio,	 Inc)	 using	 the	 package	
Minpack.lm	(version	1.2-0).		
	
Five	 non-linear	 models	 were	 chosen	 which	 were	 suited	 to	 describing	 a	 bell-shaped	


























The	model	 is	 effective	 is	 describing	 slow	 increase	 in	 the	 dependent	 variable	 at	 low	
temperatures,	before	a	sharp	decline	is	observed.	The	model	has	been	used	a	number	
of	times	to	describe	the	thermal	profile	of	DBM	development.	Parameters	T	and	y	are	
temperature	 and	 the	 dependent	 variable,	 respectively.	 T0	 is	 the	 lower	 temperature	












temperature	 range,	 and	has	been	used	 to	describe	 the	 thermal	development	profile	
DBM	 in	 the	 past.	 Parameters	T	and	 y	are	 temperature	 and	 the	 dependent	 variable,	
respectively.	Tmax	is	the	upper	developmental	threshold.	Parameter	p	is	constant	which	
defines	the	rate	at	the	optimum	temperature.	Parameter	D	 is	the	number	of	degrees	










The	Logan-1	model	has	been	 to	describe	 the	 thermal	development	profiles	of	 insect	
development	 and	 EPF	 physiology.	 Parameters	 T	 and	 y	 are	 temperature	 and	 the	
dependent	variable,	 respectively.	Parameter	Y	 represents	the	rate	of	 the	dependent	











The	 Taylor	 model	 is	 less	 suited	 to	 describing	 a	 sharp	 decline	 in	 rate	 at	 higher	
temperatures.	It	has	been	used	to	describe	the	relationship	between	temperature	and	
development	rate	 for	DBM.	Parameters	T	and	y	are	temperature	and	the	dependent	















Comparison	 of	 the	 goodness	 of	 fit	 of	models	was	 completed	 by	 using	 r2	 values	 and	










In	 simple	 terms,	 an	 AIC	 value	 reflects	 the	 variation	 of	 the	 dataset	 explained	 by	 the	
statistical	regression	model	as	well	as	the	complexity	of	the	model.	When	two	or	more	
models	 are	 compared,	 the	model	with	 the	 lowest	 AIC	 is	 considered	 to	 be	 the	most	
appropriate	in	explaining	the	data	set.	AIC	is	calculated	using	the	following	equation:		





















































































principle,	 the	 number	 of	 accumulated	 DD	 should	 be	 constant	 across	 all	 various	







by	 a	 clear	 “second	 peak”	 (representing	 the	 second	 generation	 of	 DBM	 adults)	were	
selected.	 Raw	 DBM	 field-catch	 data	 can	 be	 seen	 in	 Appendix	 II.	 Temperature	 data	
(comprising	of	daily	maximum	and	minimum	temperatures)	was	then	used	to	derive	the	
number	 of	 DD	 accumulated	 between	 peaks.	 The	 Met	 Office	 formulae	 was	 used	 to	
calculate	accumulated	DD	for	this	period	(Table	4-4).	The	predicted	second	peak	was	





















































of	 day	 degrees.	 DD	 would	 only	 be	 accumulated	 if	 temperatures	 lay	 within	 these	
boundaries.	 For	 each	 temperature	 treatment,	 the	 number	 of	DD	 accumulated,	 from	
days	one	to	six	after	treatment,	was	calculated	using	the	Met	Office	formulae	(Table	4-
4).	 Percentage	 mortality	 was	 then	 plotted	 against	 accumulated	 DD	 for	 each	
temperature.	A	sigmoidal	regression	model	was	then	fitted	to	the	relationship	between	
percentage	 mortality	 and	 accumulated	 DD,	 so	 that	 percentage	 mortality	 could	 be	
estimated	on	any	given	day	of	the	experiment.	The	sigmoidal	model	had	the	equation:		





















These	 assumptions	were	 tested	 before	 the	 DD	 virulence	model	 was	 validated	 using	










































































1	 and	 Taylor	 models).	 Topt	 is	 the	 temperature	 at	 which	 the	 highest	 growth	 rate	 is	
observed,	Tmax	is	the	maximum	temperature	at	which	growth	can	be	observed,	T0	is	
the	minimum	temperature	at	which	growth	can	be	observed.	According	 the	Briere-1	
model,	L.	 longisporum	 and	L.	muscarium	 isolates	displayed	 lower	Topt,	Tmax	 and	T0	

































































































	 	 B.	bassiana	 Lecanicillium	spp.	 M.	brunneum	 I.	fumosorosea	
Model	 Par.		 1757.15	 1758.15	 1759.15	 11.98	 432.99	 433.99	 1730.08	 1.72	 19.79	 275.86	 445.99	 1760.15	 1761.15	 1762.15	
Briere-1
	
a	 9.7x10-5	 7.7x10-5	 5.6x10-5	 9.3x10-5	 9.2x10-5	 9.54x10-5	 9x10-5	 8.2x10-5	 1.3x10-4	 1.1x10-4	 1.8x10-4	 1.7x10-4	 7.75x10-5	 7.89x10-5	
T0	 1.50	 -2.4	 -2.10	 5.46	 8.86	 2.77	 6.38	 -3.1	 -0.1	 1.46	 5.85	 8.84	 -1.05	 -1.1	
Tmax	 33.0	 33.01	 33.14	 33.22	 33.12	 33.11	 33.4	 30.23	 26.29	 33.10	 33.30	 34.26	 33.15	 33.11	
Topt	 26.56	 26.18	 26.31	 27.17	 27.26	 26.76	 27.22	 23.87	 21.03	 26.64	 27.18	 28.18	 26.43	 26.39	
r2	 0.98	 0.98	 0.99	 0.76	 0.86	 0.88	 0.87	 0.91	 0.82	 0.87	 0.96	 0.94	 0.90	 0.83	
AIC	 -33.91	 -34.06	 -42.83	 -21.08	 -22.66	 -23.89	 -26.14	 -22.09	 -21.72	 -26.64	 -23.65	 -22.61	 -25.03	 -20.79	
Taylor	
Rm		 0.17	 0.16	 0.11	 0.11	 0.14	 0.14	 0.12	 0.14	 0.13	 0.21	 0.25	 0.23	 0.16	 0.17	
Topt	 23.46	 22.86	 23.18	 25.35	 23.57	 23.76	 25.62	 20.45	 20.01	 23.24	 24.58	 26.86	 23.02	 22.72	
T0	 6.25	 6.60	 7.56	 8.42	 8.18	 7.69	 7.87	 6.44	 7.49	 6.05	 7.19	 7.63	 6.64	 6.40	
r2	 0.76	 0.80	 0.80	 0.47	 0.58	 0.64	 0.67	 0.94	 0.98	 0.96	 0.86	 0.93	 0.96	 0.93	
AIC	 -17.95	 -20.01	 -25.99	 -16.36	 -16.12	 -17.16	 -20.62	 -24.08	 -33.69	 -27.34	 -16.80	 -20.85	 -31.11	 -26.49	Lactin-1
	
p	 0.16	 0.14	 0.14	 0.18	 0.15	 0.16	 0.18	 0.14	 0.11	 0.14	 0.16	 0.16	 0.14	 0.14	
Tmax	 33.07	 33.11	 33.62	 33.63	 33.62	 33.57	 33.89	 30.82	 31.76	 33.41	 33.89	 34.91	 33.59	 33.48	
Topt	 26.65	 26.10	 26.51	 28.18	 27.02	 27.17	 28.22	 23.83	 22.82	 26.50	 27.64	 29.0	 26.36	 26.22	
D	 6.42	 6.90	 7.11	 5.45	 6.60	 6.40	 5.67	 6.99	 8.92	 6.91	 6.25	 5.91	 7.23	 7.26	
r2	 0.99	 0.98	 0.97	 0.83	 0.82	 0.85	 0.91	 0.87	 0.79	 0.85	 0.90	 0.88	 0.87	 0.79	
AIC	 -38.92	 -35.26	 -36.73	 -23.11	 -21.28	 -22.18	 -28.00	 -20.14	 -20.77	 -18.77	 -18.78	 -18.13	 -23.59	 -19.69	
Logan-6
	
Y	 0.09	 0.27	 0.33	 -4.6x10-11	 0.15	 -4.6x10-9	 0.02	 -0.27	 0.30	 -0.10	 -0.01	 -0.02	 -0.04	 0.05	
p	 0.16	 0.14	 0.14	 6.7x10-1	 0.18	 5.3x10-1	 0.08	 0.14	 0.11	 0.15	 0.18	 0.18	 0.14	 0.14	
Topt	 26.67	 26.24	 26.53	 32.03	 27.93	 31.78	 32.09	 23.76	 22.94	 26.34	 26.9	 28.76	 26.04	 26.05	
Tmax	 33.07	 33.11	 33.62	 33.3	 33.33	 33.28	 33.38	 30.82	 31.76	 33.41	 33.87	 34.90	 33.58	 33.48	
DT	 6.31	 6.87	 7.09	 1.27	 5.40	 1.50	 1.29	 7.06	 8.82	 7.07	 6.97	 6.14	 7.54	 7.43	
r2	 0.99	 0.98	 0.97	 0.96	 0.73	 0.87	 0.95	 0.87	 0.79	 0.85	 0.90	 0.88	 0.87	 0.79	
AIC	 -36.91	 -33.26	 -34.73	 -29.13	 -16.76	 -21.17	 -30.10	 -18.14	 -18.77	 -16.76	 -16.73	 -16.12	 -21.57	 -17.69	
Polynom
ial	
a	 -3.6x10-6	 -2.3x10-6	 -3.4x10-6	 1.25x10-5	 1.2x10-5	 -9.6x10-6	 -7.7x10-6	 -5.4x10-6	 7.9x10-6	 5.2x10-6	 -9.8x10-6	 3.9x10-7	 5.0x10-7	 1.7x10-6	
b	 2.1x10-4	 1.2x10-4	 2.5x10-4	 1x10-3	 9.98x10-4	 7.7x10-4	 6.0x10-4	 4.2x10-4	 -6.3x10-4	 -5.1x10
-
4	 7.8x10
-4	 -9.0x10-5	 -7.7x10-5	 -1.7x10-4	
c	 4.0x10-3	 -2x10-3	 -6.8x10-2	 -2.9x10-2	 -3.0x10-2	 -2.9x10-1	 -1.7x10-2	 -0.01	 0.02	 1.7x10=2	 -2.3x10-2	 3.9x10-3	 2.6x10-3	 5.0x10-3	
d	 3.5x10-2	 1.9x10-2	 8.6x10-2	 3.54x10-1	 3.8x10-1	 2.9x10-1	 2.1x10-1	 0.02	 -0.19	 -2.1x10
-
1	 3.x10
-1	 -4.5x10-2	 -2.0x10-2	 -4.5x10-3	
e	 -8x10-2	 -3.6x10-2	 -3.7x10-1	 -1.50	 -1.67	 -1.29	 -9x10-1	 -0.79	 0.74	 8.8x10-1	 -1.44	 1.4x10-1	 3.4x10-2	 1.1x10-1	
r2	 0.98	 0.95	 0.87	 0.45	 0.46	 0.37	 0.50	 -	 -	 0.94	 0.87	 0.73	 0.98	 0.80	











For	 B.	 bassiana	 433.99,	 432.99,	 1757.15,	 1758.15,	 1759.15,	 11.98	 and	 1730.08	 the	
Briere-1	and	polynomial	models	were	considered	to	be	the	best	fitting.	The	r2	values	of	









to	 other	 isolates.	 Consequently,	 models	 based	 on	 normal	 distribution	 were	 better	
suited.	Polynomial	and	Taylor	models	had	highest	r2	values	(ranging	from	0.92-0.93	and	
0.89-0.99,	 respectively).	 Logan-6	 and	 Briere-1	 models	 were	 the	 next	 best	 fitting,	
displaying	r2	values	of	0.84	to	0.85	and	0.84	to	0.87,	respectively.	The	Lactin-1	model	
displayed	the	lowest	r2	values	of	0.56	to	0.76.	In	terms	of	AIC	values,	the	polynomial	was	













displayed	 an	 r2	 of	 0.92.	 AIC	 values	 were	 also	 lowest	 for	 the	 Briere-1	 model	 being	
between	52.80	and	53.24	respectively	(Table	4-6).		
	
Cardinal	 temperatures,	 taken	 from	 the	 Briere-1	 model,	 were	 compared	 between	



















Figure	 4-19:	 Five	 non-linear	 models	 fitted	 to	 mean	 percentage	 germination	 of	







Figure	 4-20:	 Five	 non-linear	 models	 fitted	 to	 mean	 percentage	 germination	 of	






Figure	 4-21:	 Five	 non-linear	 models	 fitted	 to	 mean	 percentage	 germination	 of	





Figure	 4-22:	 Five	 non-linear	 models	 fitted	 to	 mean	 percentage	 germination	 of	






Figure	 4-23:	 Five	 non-linear	 models	 fitted	 to	 mean	 percentage	 germination	 of	






Figure	 4-24:	 Five	 non-linear	 models	 fitted	 to	 mean	 percentage	 germination	 of	





Figure	 4-25:	 Five	 non-linear	 models	 fitted	 to	 mean	 percentage	 germination	 of	





Figure	 4-26:	 Five	 non-linear	 models	 fitted	 to	 mean	 percentage	 germination	 of	






Figure	 4-27:	 Five	 non-linear	 models	 fitted	 to	 mean	 percentage	 germination	 of	























Figure	 4-31:	 Five	 non-linear	 models	 fitted	 to	 mean	 percentage	 germination	 of	




Figure	 4-32:	 Five	 non-linear	 models	 fitted	 to	 mean	 percentage	 germination	 of	





	 	 B.	bassiana	 Lecanicillium	spp.		 M.	brunneum	 I.	fumosorosea	
Model	 Par.	 1757.15	 1758.15	 1759.15	 11.98	 432.99	 433.99	 1730.08	 1.72	 19.79	 275.86	 445.99	 1760.15	 1761.15	 1762.15	
Briere-1	
a	 0.06	 0.03	 0.01	 0.07	 0.07	 0.07	 0.04	 0.07	 0.05	 0.06	 0.06	 0.04	 0.09	 0.10	
T0	 7.16	 11.74	 12.35	 11.24	 12.20	 12.85	 12.65	 6.80	 5.97	 12.91	 12.89	 12.13	 11.07	 11.22	
Tmax	 33.04	 33.14	 33.00	 33.37	 33.04	 33.01	 33.02	 33.00	 33.0	 35.58	 37.61	 40.00	 33.16	 33.32	
Topt	 27.08	 27.45	 27.36	 27.61	 27.40	 27.40	 27.39	 27.01	 26.95	 29.48	 31.12	 33.00	 27.43	 27.57	
r2	 0.83	 0.96	 0.84	 0.98	 0.97	 0.95	 0.95	 0.87	 0.84	 0.96	 0.98	 0.88	 0.94	 0.93	
AIC	 55.21	 34.57	 35.31	 43.03	 44.75	 46.96	 41.14	 55.77	 56.49	 48.87	 46.28	 61.44	 52.80	 53.24	
Taylor	
Rm		 85.30	 33.95	 16.90	 79.18	 80.56	 80.17	 47.79	 102.29	 93.68	 90.21	 96.54	 80.43	 108.98	 112.60	
Topt	 23.70	 26.00	 25.67	 26.36	 26.43	 26.54	 26.75	 23.62	 24.57	 28.92	 30.17	 31.88	 25.51	 25.81	
T0	 5.20	 4.76	 3.68	 -5.90	 4.44	 4.02	 4.15	 5.23	 4,48	 5.73	 6.70	 3.76	 5.59	 5.70	
r2	 0.96	 0.96	 0.97	 51.2	 0.87	 0.88	 0.84	 0.92	 0.93	 0.99	 0.99	 0.96	 0.88	 0.92	
AIC	 46.44	 34.75	 25.25	 51.21	 53.15	 52.51	 48.07	 52.74	 51.45	 24.91	 36.24	 53.87	 56.61	 54.39	
Lactin-1	
p	 0.20	 0.20	 0.20	 0.19	 0.20	 0.22	 0.23	 0.20	 0.20	 0.21	 0.20	 0.23	 0.21	 0.21	
Tmax	 33.07	 33.42	 32.93	 33.60	 33.20	 33.09	 33.15	 32.96	 32.89	 34.70	 35.31	 40.00	 33.35	 33.52	
Topt	 29.48	 28.91	 28.24	 29.9	 29.4	 29.16	 29.08	 29.35	 29.21	 30.70	 31.31	 35.9	 29.79	 27.96	
D	 3.72	 4.51	 4.69	 3.71	 3.80	 3.93	 4.07	 3.61	 3.68	 4.00	 4.00	 4.10	 3.56	 5.56	
r2	 0.52	 0.93	 0.82	 0.92	 0.98	 0.97	 0.99	 0.56	 0.76	 0.97	 0.97	 0.99	 0.79	 0.77	
AIC	 61.32	 38.82	 36.23	 49.81	 41.67	 44.91	 31.96	 63.30	 59.03	 45.72	 46.99	 46.61	 59.98	 60.74	
Logan-6	
Y	 -16.86	 -2.40	 -1.57	 14.94	 -2.15	 -2.56	 -0.88	 -14.51	 -13.42	 -1.55	 -1.33	 0.81	 37.20	 24.78	
p	 0.17	 0.21	 0.21	 0.20	 0.23	 0.24	 0.24	 0.17	 0.19	 0.23	 0.23	 0.24	 0.19	 0.19	
Topt	 26.86	 28.45	 28.07	 28.88	 28.67	 28.75	 28.86	 26.75	 27.51	 30.72	 30.77	 35.91	 28.42	 28.63	
Tmax	 33.20	 33.42	 32.93	 33.76	 33.21	 33.09	 33.15	 33.02	 32.91	 34.72	 35.38	 40.00	 33.52	 33.77	
DT	 6.34	 4.97	 4.86	 4.88	 4.54	 4.34	 4.29	 6.27	 5.39	 4.47	 4.61	 4.09	 5.10	 5.14	
r2	 0.78	 0.93	 0.82	 0.92	 0.98	 0.97	 0.99	 0.84	 0.85	 0.97	 0.97	 0.99	 0.88	 0.86	
AIC	 58.17	 40.76	 38.23	 49.10	 43.02	 46.81	 33.94	 59.11	 58.11	 47.64	 51.29	 53.66	 58.88	 59.63	
Polynom
ial	
a	 0.003	 -0.001	 -4.1x10-5	 -0.002	 0.004	 -0.004	 -0.003	 0.002	 0.002	 0.002	 0.001	 -0.002	 0.006	 0.002	
b	 -0.32	 0.03	 -0.009	 0.13	 0.31	 0.26	 0.21	 -0.25	 -0.22	 0.16	 0.01	 0.19	 -0.085	 -0.19	
c	 10.40	 -0.21	 0.63	 -2.98	 -7.89	 -6.29	 -5.54	 8.66	 8.34	 -3.63	 0.64	 -5.77	 4.24	 7.62	
d	 -132.30	 -1.91	 -11.14	 30.51	 87.67	 64.44	 61.89	 -112.00	 -117.40	 35.54	 -17.51	 71.55	 -64.66	 -107.30	
e	 569.40	 -19.79	 58.35	 -120.70	 -353.33	 -240.00	 -246.10	 485.90	 542.40	 -124.40	 103.00	 -310.80	 304.90	 492.90	
r2	 0.93	 0.99	 0.78	 0.84	 0.99	 0.99	 0.97	 0.89	 0.99	 0.99	 0.99	 0.95	 0.73	 0.82	












Table	 4-7:	 Mean	 development	 time	 (days±	 SE)	 of	 various	 life	 stagesat	 constant	
temperatures.	DNC	(did	not	complete)	indicates	total	mortality	occurred	before	the	life	








(oC)	 Egg	 Larvae	 Pre-pupae	 Pupae	 Total	
12.5	 9.3±0.1	a	 37.5±0.5	a	 3±0.4	a	 19±0.2	a	 68.2±0.3	a	
15	 9.5±0.1	a	 16.9±0.2	b	 2±0.2	b	 10±0.3	b	 38.9±0.3	a	
20	 5.1±0.1	b	 10.6±0.1	c	 0.8±0.1	c	 7.9±0.1	c	 24.4±0.1	a	
25	 3.9±0.1	c	 6.6±0.2	d	 0.7±0.1	c	 4.4±0.2	d	 15.5±0.1	b	
27.5	 3.9±0.1	c	 8.2±0.2	e	 1.3±0.2	bc	 2±0.2	e	 15.5±0.2	b	
30	 3.8	±0.1	c	 5.2±0.2	f	 0.7±0.2	c	 3.1±0.2	f	 12.8±0.2	c	
35	 3.1±0.2	c	 DNC	 DNC	 DNC	 DNC	
F-value	 1275	 1319	 13.6	 524.5	 4823	








(Fig.	 4-33).	 A	 linear	 regression	 model	 and	 a	 second	 order	 polynomial	 model	 was	
compared,	the	latter	provided	no	advantage	in	describing	the	data	(Anova,	p>0.48).		
	
Five	 non-linear	 models	 were	 used	 to	 describe	 the	 effect	 of	 temperature	 on	 DBM	
development	 rate.	 In	general,	when	consulting	 the	AIC	values,	 Lactin-1,	Briere-1	and	
Logan-6	models	described	development	data	most	adequately	(Table	4-8).	For	example,	
when	observing	the	development	of	DBM	from	egg	to	adult,	the	three	afore	mention	
models	 displayed	 r2	 values	 of	 over	 0.95,	 and	 the	 lowest	 AIC	 values.	 The	 4th	 order	
polynomial	model	did	not	describe	data	as	well	as	Lactin-1,	Briere-1	and	Logan-6	models.	






















Model		 Parameter		 Larvae		 Pupae		 Adult		
Linear		 a	 -0.28	 -0.07	 -0.03	
	 b	 0.02	 0.008	 0.003	
	 r2	 0.54	 0.88	 0.98	
	 AIC	 -2.63	 -25.52	 -48.19	
Briere-1	 a	 1.12x10-4	 2.93x10-4	 4.58	x10-5	
	 T0	 7.65	 1.02	 6.5	
	 Tmax	 35	 35	 35.00	
	 Topt	 26.68	 28.11	 28.60	
	 r2	 0.85	 0.56	 0.95	
	 AIC	 -26.37	 -3.25	 -47.11	
Taylor		 Rm		 0.16	 0.63	 0.07	
	 Topt	 25.75	 27.8	 25.63	
	 T0	 6.17	 -1.98	 6.08	
	 r2	 0.51	 0.84	 0.63	
	 AIC	 -18.28	 -10.55	 -32.47	
Lactin		 p	 0.18	 0.21	 0.17	
	 Tmax	 35.02	 34.97	 35.01	
	 Topt	 29.38	 30.11	 29.15	
	 D	 5.64	 4.86	 5.87	
	 r2	 0.86	 0.62	 0.97	
	 AIC	 -26.98	 -4.33	 -50.62	
Logan-6	 Y	 -1.08x10-17	 2.78x10-1	 0.004	
	 p	 1.08	 2.05x10-1	 0.11	
	 Topt	 33.78	 30.11	 31.69	
	 Tmax	 35	 35.00	 35.00	
	 DT	 1.22	 4.89	 3.31	
	 r2	 0.89	 0.62	 0.98	
	 AIC	 -26.56	 -2.32	 -49.36	
Polynomial		 a	 -1.19x10-5	 -2.1x10-5	 -3.94	x10-6	
	 b	 1.04x10-3	 1.63x10-3	 3.30	x10-4	
	 c	 -3.3x10-2	 -4.39x10-3	 -1.01	x10-2	
	 d	 4.57x10-1	 5.07x10-1	 1.37	x10-1	
	 e	 -2.28	 -2.07	 -6.64	x10-1	
	 r2	 0.74	 0.39	 0.98	


















If	 there	 is	 linear	 relationship	 between	 control	 mortality	 and	 temperature	 it	 is	
appropriate	for	control	mortality	using	an	equation	based	on	an	additive	assumption,	
such	 as	 Schneider-Orelli's	 formula	 (Puntener,	 1981).	 During	 this	 analysis,	 control	
mortality	six	days	after	treatment	was	plotted	against	seven	temperatures	(Fig.	4-34).	





displayed	 an	 r2	 value	 of	 0.49	 and	 differed	 significantly	 from	 a	 zero	 relationship	 (p	 =	
<0.001).	The	linear	model	can	be	expressed	as:	y	=	1.74	x	t	+	-18.40,	with	y	being	control	
mortality	 and	 t	 being	 temperature.	 The	 linear	 nature	 of	 the	 relationship	 between	
















mortality	 being	 reduced	 at	 higher	 temperatures.	M.	 brunneum	 445.99	 and	 1760.15	
displayed	 highest	mortality	 at	 35	 oC.	 Isolate	 (including	 the	 control	 treatment)	 had	 a	
significant	effect	on	mortality	for	all	temperatures	apart	from	10	and	36.5oC.	At	15oC,	


































brunneum	 275.86	 displayed	 similar	 optima	 (28.66	 and	 28.94oC,	 respectively),	 M.	
brunneum	445.99	and	1760.15	displayed	the	highest	optima	(30.37	and	30.21oC).	For	
corrected	mortality	data,	T0	was	lowest	for	B.	bassiana	433.99	and	1757.15	(4.62	and	
2.25oC).	M.	 brunneum	 isolates	 displayed	 higher	T0s:	 8.72,	 13.20	 and	 11.81oC	 for	M.	
brunneum	275.86,	445.99	and	1760.15,	respectively.		
	

















after	 treatment	 by	 B.	 bassiana	 1757.15	 at	 six	 temperatures.	 Non-corrected	 and	
corrected	mortality	are	represented	by	Δ	and	○	symbols,	respectively.	Regression	lines	






after	 treatment	 by	 M.	 brunneum	 445.99	 at	 six	 temperatures.	 Non-corrected	 and	
corrected	mortality	are	represented	by	Δ	and	○	symbols,	respectively.	Regression	lines	






after	 treatment	 by	M.	 brunneum	 1760.15	 at	 six	 temperatures.	 Non-corrected	 and	
corrected	mortality	are	represented	by	Δ	and	○	symbols,	respectively.	Regression	lines	






after	 treatment	 by	 M.	 brunneum	 275.86	 at	 six	 temperatures.	 Non-corrected	 and	
corrected	mortality	are	represented	by	Δ	and	○	symbols,	respectively.	Regression	lines	






	 	 uncorrected	mortality	 corrected	mortality	
	 	 B.	bassiana	 M.	brunneum	 B.	bassiana	 M.	brunneum	
Model	 Parameter	 433.99	 1757.15	 275.86	 445.99	 1760.15	 433.99	 1757.15	 275.86	 445.99	 1760.15	
Briere-1	
a	 0.03	 0.07	 0.04	 0.06	 0.06	 0.03	 0.07	 0.04	 0.07	 0.07	
T0	 5.17	 1.80	 7.91	 11.39	 9.68	 4.62	 2.25	 8.72	 13.20	 11.81	
Tmax	 36.64	 30.36	 36.61	 38.07	 38.01	 35.27	 30.06	 35.27	 36.67	 36.56	
Topt	 29.80	 24.47	 30.00	 31.40	 31.25	 28.66	 24.28	 28.94	 30.37	 30.21	
r2	 0.87	 0.89	 0.91	 0.95	 0.93	 0.84	 0.89	 0.88	 0.90	 0.84	
AIC	 49.40	 44.41	 49.38	 56.18	 58.85	 48.22	 45.24	 48.75	 61.57	 65.22	
Taylor	
Rm	 63.31	 91.20	 71.05	 95.45	 92.70	 50.11	 88.99	 61.83	 89.91	 85.11	
Topt	 27.30	 21.33	 27.8	 30.51	 30.27	 24.78	 20.61	 25.81	 6.43	 7.35	
T0	 8.60	 6.40	 7.98	 8.09	 9.01	 6.82	 5.61	 5.83	 29.17	 28.57	
r2	 0.92	 0.94	 0.95	 0.94	 0.89	 0.92	 0.92	 0.99	 0.78	 0.63	
AIC	 46.80	 40.98	 45.96	 57.80	 61.50	 43.74	 43.95	 33.06	 67.04	 71.02	
Lactin-1	
p	 0.18	 0.22	 0.18	 0.18	 0.18	 0.17	 0.22	 0.18	 0.18	 0.16	
Tmax	 36.37	 30.47	 36.50	 37.70	 37.60	 35.51	 30.17	 35.53	 36.91	 36.69	
Topt	 32.32	 27.24	 32.49	 33.69	 33.64	 31.36	 26.92	 31.44	 33.17	 34.06	
D	 4.05	 3.23	 4.01	 4.01	 3.96	 4.15	 3.25	 4.09	 3.74	 2.63	
r2	 0.46	 0.17	 0.60	 0.85	 0.77	 0.48	 0.37	 0.65	 0.89	 0.81	
AIC	 58.03	 54.50	 58.05	 64.42	 66.70	 55.24	 54.10	 55.40	 62.33	 66.19	
Logan-6	
Y	 56.53	 155.90	 42.00	 25.31	 25.82	 51.34	 93.24	 37.03	 2.93	 6.74	
p	 0.13	 0.15	 0.14	 0.17	 0.16	 0.14	 0.16	 0.15	 0.12	 0.09	
Topt	 30.39	 24.56	 30.77	 32.57	 32.33	 28.75	 24.1	 29.59	 34.73	 35.55	
Tmax	 37.76	 31.06	 37.57	 38.40	 38.55	 35.91	 30.36	 35.84	 36.78	 36.58	
DT	 7.37	 6.50	 6.80	 5.83	 6.22	 7.16	 6.26	 6.39	 2.05	 1.03	
r2	 0.78	 0.82	 0.81	 0.91	 0.88	 0.76	 0.84	 0.80	 0.90	 0.90	
AIC	 54.62	 48.73	 55.50	 62.82	 64.27	 52.59	 49.10	 53.95	 63.79	 63.61	
Polynomial	
a	 0.002	 -0.003	 0.001	 0.001	 -0.0002	 0.002	 -0.004	 0.001	 -0.002	 -0.003	
b	 -0.17	 0.25	 -0.19	 -0.09	 0.007	 0.15	 0.30	 -0.14	 0.11	 0.24	
c	 5.23	 -7.65	 6.14	 3.63	 0.11	 4.77	 -9.01	 4.96	 -2.39	 -6.99	
d	 -62.93	 108.10	 -77.29	 -52.48	 0.74	 63.92	 123.90	 -65.20	 22.79	 90.36	
e	 255.85	 -525.50	 327.47	 246.10	 -24.27	 298.40	 -593.70	 286.15	 -81.56	 -416.90	
r2	 0.91	 0.89	 0.92	 0.88	 0.75	 0.76	 0.87	 0.86	 0.57	 0.23	







Cardinal	 temperatures	 estimated	 for	 colony	 extension,	 proportion	 germination	 and	
virulence	of	EPF	estimated	by	the	Briere-1	model	were	compared	for	the	same	isolates.	
The	germination	thermal	optima	were	plotted	against	colony	extension	optima	for	each	
isolate.	 This	 was	 repeated	 for	 T0.	 For	 the	 five	 isolates,	 which	 were	 included	 in	
temperature	 virulence	 experiments,	 virulence	 optima	 were	 plotted	 against	 colony	
extension	 and	 germination	 optima.	 These	 plots	 were	 also	 completed	 for	 T0	 values.	





there	 is	 no	 relationship	between	 the	 two	 variables	 (Fig.	 4-40).	 For	 the	plot	 in	which	
virulence	 optima	were	 plotted	 against	 germination	 optima,	 the	 relationship	 did	 not	
differ	 significantly	 from	 zero	 (Fig.	 4-40).	 The	 relationship	 between	 colony	 extension	
optima	and	virulence	also	did	not	display	a	significant	relationship.	The	linear	regression	




Similarly,	 linear	 regression	 models	 describing	 the	 relation	 between	 T0s	 for	 colony	
extension	 and	 germination,	 germination	 and	 virulence	 and	 colony	 extension	 and	
virulence	 did	 not	 differ	 significantly	 from	 a	 zero	 relationship	 (Fig.	 	 4-41).	 The	 linear	
regression	models	for	T0s	of	virulence	vs.	germination,	virulence	vs.	colony	extension	
















































Figure	 4-40:	 Optima	 (defined	 by	 Briere-1	 model)	 for	 virulence	 plotted	 against	







































































































The	 relationship	 between	 temperature	 and	 development	 from	 egg	 lay	 to	 adult	 was	






A	 Linear	 regression	 model	 was	 used	 to	 describe	 the	 relationship	 between	 days	 to	
development	and	cumulative	DD	(using	field	data	Table	4-3	),	and	it	was	confirmed	that	






Field	 temperatures	 (i)	 were	 used	 to	 calculate	 the	 number	 of	 DD	 accumulated.	 The	
















































Kirton	 1995	 35	 26	 9	
Kirton	 1996	 43	 39	 4	
Wellesbourne	 1996	 46	 37	 9	
Butterwick	 1996	 44	 34	 10	
Friskney	 1996	 45	 41	 4	
Holbeach	 1996	 35	 41	 6	
Butterwick	 1998	 41	 35	 6	
Kirton	 2000	 35	 40	 5	








To	 calculate	 accumulated	 DD	 over	 a	 specific	 period	 using	 field	 temperatures	 it	 is	







from	 the	analysis	here	 (for	 reasons	explained	below)	a	 separate	Breire-1	model	was	
fitted	to	the	mean	of	percentage	mortality	values	from	repetition	one	and	two	of	the	
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Table	 4-14:	 Lower	 and	 upper	 thermal	 thresholds	 (oC)	 used	 in	 day-degree	 model	 to	




It	was	 next	 determined	whether	 a	 certain	 percentage	mortality	 occurred	 a	 constant		
accumulated	 DD	 sum,	 regardless	 of	 the	 temperature	 the	 accumulated	 DD	 were	
accumulated	over.	Ideally,	any	given	percentage	mortality	would	occur	at	the	same	DD	
























to	 use	 a	 statistical	 regression	 model	 to	 explain	 the	 relationship	 temperature	 and	
mortality.	 But	 first	 it	 had	 to	 be	 determined	 whether	 a	 separate	 linear	 model	 was	










experiment.	 After	 removing	 replicate	 three,	 the	 linear	model	 incorporating	 day	 as	 a	
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factor	was	not	a	significant	improvement	over	the	linear	model	including	day	as	a	factor	




After	 plotting	 proportion	 mortality	 against	 cumulative	 DDs	 it	 was	 observed	 the	
relationship	 followed	a	clear	 sigmoidal	 relationship	 (Fig.	4-44).	After	 fitting	 sigmoidal	
and	linear	models	to	the	relationship	between	cumulative	DD	and	percentage	mortality	
for	 the	 four	 isolates,	 it	was	observed	 that	AIC	values	were	 lower	and	 r2	values	were	
higher	for	the	sigmoidal	when	compared	to	the	linear	model	(Table	4-14).	This	indicated	
that	 the	 sigmoidal	model	 should	be	used	 to	 calculate	 the	percentage	mortality	 from	









Table	 4-15:	 Parameters	 for	 sigmoidal	 and	 linear	 regression	 models,	 describing	 the	





Isolate		 a		 b	 c	 AIC		 R2	 a	 b	 AIC	 R2	
B.	bassiana	433.99	 55.30	 0.11	 60.95	 137.87	 0.97	 -12.14	 0.63	 164.44	 0.89	
B.	bassiana	1757.15	 77.87	 0.21	 30.54	 178.82	 0.93	 -2.14	 1.18	 205.26	 0.77	
M.	brunneum	445.99	 84.30	 0.02	 37.77	 280.41	 0.91	 -1.37	 0.98	 299.66	 0.84	































75%	 mortality	 by	 this	 point.	 At	 9-15pC,	 B.	 bassiana	 1757.15	 conferred	 the	 highest	


















there	 was	 no	 difference	 between	 expected	 and	 observed	 numbers	 of	 dead	 larvae	
(Fisher’s	exact	 test,	P=0.40).	 For	groups	of	 larvae	 treated	with	M.	brunneum	 445.99,	
there	was	no	difference	between	expected	and	observed	numbers	of	dead	 larvae	on	
each	 day	 of	 the	 experiment	 for	 all	 three	 temperature	 regimes	 (Fisher’s	 exact	 test,	
P=>0.05).	Similarly,	there	was	no	difference	between	expected	and	observed	values	for	
dead	 larvae	treated	with	M.	brunneum	1760.15	for	all	 temperature	regimes	(Fisher’s	
exact	 test,	 P=>0.05).	 Predictions	 were	 generally	 more	 accurate	 at	 19-25oC	 when	
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compared	to	10-16	and	29-35oC	(Fig.	4-46).	Mortality	was	generally	higher	for	observed	
















fluctuating	temperature	regimes	 for	 four	 isolates.	Temperature	regimes	10-16,	19-25,	
29-35oC	 are	 represented	 by,	,and	Û,	 respectively.	 Predictions	 for	 percentage	
mortality	 at	 the	 three	 variable	 temperature	 regimes	 are	 shown	 by	 lines.	 Dotted,	












































such	 as	 L.	 longisporum	 1.72	 and	 L.	muscarium	 19.79.	An	 investigation	 completed	by	
Smits	 et	 al.	 (2003),	 in	which	 colony	 extension	 rates	 of	 five	 EPF	 isolates	 over	 several	
temperatures	were	 described	 using	 non-linear	mathematical	models,	 yielded	 similar	
left-skewed	distributions.		In	the	current	study,	Logan-6	and	Lactin-1	models	tended	to	
better	fit	to	data	that	was	skewed	more	to	the	left.	Conversely,	Taylor	and	polynomial	













brunneum,	 I.fumosorosea	 	 and	B.	 bassiana	 isolates.	 	 This	 was	 similar	 to	 the	 optima	
reported	for	M.	anisopliae	and		B.	bassiana	isolates	in	a	colony	extension	study	by	(Smits	
et	 al.,	 2003).	 L.	 longisporum	 1.72	 and	 L.	 muscarium	 19.79	 displayed	 lower	 colony	












development	 can	 occur.	 Consequently,	 Briere-1	 is	 more	 suitable	 for	 modeling	 DBM	












To	 determine	 the	 effect	 of	 temperature	 on	 the	 virulence	 of	 fungal	 isolates	 it	 was	
necessary	to	separate	mortality	caused	from	EPF	infection	from	mortality	caused	from	
temperature	 stress	 alone.	 If	 there	 is	 no	 interaction	 between	 mortality	 caused	 by	












infection	 stress	 (*personal	 communication*).	 It	 was	 therefore	 appropriate	 to	 use	 a	
correction	equation	based	on	additive	assumption,	to	separate	mortality	caused	from	
EPF	 infection	 from	 mortality	 as	 a	 result	 of	 temperature	 stress.	 Scneiders-Orelli’s	
formulae	was	used	to	correct	for	control	mortality.		
	
The	 relationship	 between	 temperature	 and	 virulence	 followed	 a	 bell-shaped	


































In	 the	 initial	 screen	 of	 candidate	 isolates	 completed	 in	 Chapter	 three,	 B.	 bassiana	
1757.15	was	observed	as	being	highly	virulent.	In	fact,	it	was	far	more	virulent	than	M.	
brunneum	1760.15	at	20oC.	But	after	thermal	profiling	of	EPF	virulence	it	was	found	that	
















































Consequently,	 it	 was	 concluded	 that	 virulence	 optima	 of	 EPF	 isolates	 cannot	 be	
predicted	by	thermal	optima	for	either	colony	extension	or	germination	of	EPF	isolates.	






associated	 with	 the	 linear	 model	 lacked	 power,	 which	 made	 it	 likely	 that	 a	 non-
significant	 relationship	 would	 be	 found.	 Keeping	 this	 in	 mind,	 further	 analysis	 was	





































linear	 in	 nature,	 linear	 regression	 can	 be	 useful	 in	 describing	 this	 relationship	 at	

















































can	be	 taken	 into	 the	 field	and	be	 substantially	 less	effective	 (Thomas	and	Blanford,	
2003).	This	unpredictability	has	proven	to	be	a	significant	barrier	to	uptake	of	EPF	as	
biocontrol	 products	 in	 the	 field	 (Lacey	 et	 al.,	 2001).	 There	 have	 been	 reports	 in	 the	
literature	of	predictions	of	temperature-related	phonological	events	based	on	constant	
temperatures	 proving	 to	 be	 inaccurate	 when	 applied	 to	 fluctuating	 temperature	
regimes	(Geden,	1997).	Because	of	this,	it	is	important	to	determine	whether	a	DD	style	
model,	 based	 on	 data	 recorded	 at	 constant	 temperatures,	 can	 be	 used	 to	 predict	







found	 that	 the	 relationship	between	DD	and	proportion	mortality	of	 groups	of	DBM	
larvae	followed	a	sigmoidal	relationship.	Consequently,	a	sigmoidal	model	was	used	to	
describe	 this	 relationship.	 The	 relationships	 between	 proportion	 mortality	 for	 M.	
brunneum	 1760.15	 and	 M.	 brunnuem	 445.99	 were	 not	 significantly	 different,	




relationships,	 isolates	were	not	pooled	 for	analysis.	 	Predictions	were	made	at	 three	
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variable	 temperature	 regimes	 for	 proportion	 mortality	 caused	 by	 each	 isolate.	M.	
brunneum	 445.99	and	1760.15	displayed	 thermal	 virulence	optima	of	over	30oC	and	










similar	 conclusion	 was	 drawn	 by	 Burgess	 and	 Griffin	 (1967)	 who	 found	 that	 colony	
extension	rates	of	fungi	experiencing	fluctuating	temperatures	could	be	predicted	from	
the	colony	extension	rates	of	fungi	at	constant	temperatures.	The	use	of	this	model	may	
help	 reduce	 the	 discrepancy	 often	 observed	 between	 isolates’	 performance	 in	 the	




the	 shedding	 of	 conidia	 through	moulting	may	 provide	 another	 source	 of	 variation.	






















































selection	 pressure	 on	 DBM	 populations	 (Sarfraz	 et	 al.,	 2005).	 DBM	 has	 now	 shown	
resistance	 to	 all	 classes	 of	 commercially	 available	 insecticides	 (Talekar	 and	 Shelton,	
1993,	 Sarfraz	 et	 al.,	 2005).	 The	 problem	 is	 particularly	 acute	 in	 South	 East	 Asia.	 For	
example,	 in	 Malaysia,	 90%	 of	 farmers	 use	 synthetic	 insecticides	 to	 control	 DBM	
(Mumford	and	Mazlan,	2005).	Overuse	of	synthetic	insecticides	may	also	cause	a	crash	
in	 natural	 enemy	 populations	 (Furlong	 et	 al.,	 2004),	 which	 could	 contribute	 to	 the	
prevalence	of	DBM	as	a	pest	(Sarfraz	et	al.,	2005).	As	insecticide-only	approaches	have	
consistently	failed,	 it	 is	the	prevailing	opinion	of	experts	that	an	 integrated	approach	
should	be	used	to	control	DBM	(Sarfraz	et	al.,	2005).		IPM	uses	many	complementary	
pest	control	elements,	including	EPF	biopesticides,	to	achieve	control	(Grzywacz	et	al.,	










The	 co-application	of	 low-concentration	 insecticides	with	EPF	biopesticides	has	been	
relatively	well	studied	in	insect	pests.	 In	general	this	 is	considered	a	good	strategy	to	
reduce	the	volume	of	synthetic	insecticides	applied,	whilst	maintaining	a	high	level	of	










The	 greatest	 number	 of	 EPF	 biopesticides	 have	B.	 bassiana	 as	 the	 active	 ingredient	
(Chandler,	2017),	of	these	EPF	biopesticides,	the	product	BotaniGard	is	the	most	widely	
used.	 BotaniGard,	 based	 on	 B.	 bassiana	 433.99,	 has	 consistently	 shown	 to	 provide	
control	against	a	wide	range	of	pests	 including	DBM,	wireworms,	whitefly	and	spider	
mites	 (Wraight	 et	 al.,	 2010,	 Reddy	 et	 al.,	 2014,	Ayalew,	 2016,	Ullah	 and	 Lim,	 2015).	
Wraight	 et.	 al.	 (2010)	 reported	 that	 the	 BotaniGard	 isolate	 caused	 95%	mortality	 in	
goups	of	DBM	larvae	six	days	after	treatment	when	applied	at	a	concentration	of	142	





EPF	 biopesticide	 to	 elucidate	 the	 effects	 of	 co-application	 of	 commercially	 available	
insecticides	with	an	EPF	biopesticide	to	control	groups	of	DBM	larvae.	When	coapplied,	
control	products	can	interact	in	two	ways.	In	an	antagonistic	interaction	one	insecticide	
may	 inhibit	 the	 function	of	 the	other,	 resulting	 in	a	 lower	 level	of	mortality	 than	the	










of	 the	EPF	 isolate	can	be	assessed	on	media	containing	the	 insecticide.	For	example,	
Neves	et	 al.	 (2001)	 reported	 that	 three	neonicotinoid	 insecticides	did	not	negatively	
affect	 the	germination,	 colony	area	or	number	of	 conidia	produced	by	a	B.	bassiana	
isolate.	Experiments	have	also	been	completed	in	which	the	effect	of	co-application	of	
two	biocontrol	 products	 has	 been	determined	 (Table	 5-1).	 For	 example,	 in	 one	 field	
study	 that	was	 replicated	 over	 three	 seasons,	B.	 bassiana	 was	 applied	 alone	 and	 in	
combination	with	Bacillus	thuringiensis	(Bt).	It	was	found	in	each	combined	treatment	



















that	 some	 synthetic	 insecticides	 increase	 the	movement	 of	 insect	 pests,	 resulting	 in	
more	 conidia	 being	 picked	 up,leading	 to	 a	 faster	 speed	 of	 kill	 or	 overall	 percentage	
mortality	(Roditakis	et	al.,	2000,	Shah	et	al.,	2007).	For	example,	it	was	reported	that	
aphids	 (Myzus	 persicae)	 increased	 their	 movement	 when	 applied	 with	 a	 sub-lethal	






insecticide	 that	 is	 being	 co-applied	with	B.	 bassiana.	Modes	 of	 action	 vary	 between	
insecticides	of	different	classes	(IRAC,	2017	).	For	example,	the	soil	borne	bacterium	Bt	
produces	 protein	 crystals	 during	 spore	 production	 known	 as	 Cry	 endotoxins.	 Cry	
endotoxins	are	ingested	as	an	inactive,	non-toxic,	precursor.	Shortly	after	ingestion,	the	
Cry	endotoxin	undergoes	solubilisation	before	being	processed	into	its	active	form.	The	








oil	 based	 insecticides.	 The	 active	 compound	 has	 a	 strong	 anti-feedant	 effect	 in	
Lepidopteran	 species.	 Azadirachtin	 interacts	 with	 chemoreceptors	 in	 the	 insect	
mouthparts	to	block	receptor	cells	that	normally	stimulate	feeding.	Azadirachtin	is	also	
known	 to	 consistently	 interfere	 with	 growth	 and	 moulting	 of	 insects	 (Mordue	 and	
Nisbet,	2000).	Mode	of	actions	of	 insecticides	against	DBM	have	generally	been	well	






America,	 China,	 India,	Malaysia,	 the	 United	 States,	 Taiwan	 and	 Thailand	 (Perez	 and	
Shelton,	1997,	Gong	et	al.,	2010,	Wang	et	al.,	2006,	Mohan	and	Gujar,	2007,	Iqbal	et	al.,	
1996,	 Liu	 et	 al.,	 1996,	 Kao	 and	 Cheng,	 2001,	 Imai	 and	Mori,	 1999).	 DBM	which	 are	
resistance	to	pyrethroids	are	also	widespread.	Resistant	populations	are	now	present	in	
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Australia,	 Brazil,	 China,	 India,	 Japan,	 Malaysia,	 New	 Zealand,	 Nicaragua,	 Pakistan,	
Philippines,	 South	 Africa,	 South	 Korea	 and	 the	 United	 States	 (Furlong	 et	 al.,	 2013).	
Resistance	 to	 neonicotinoid	 insecticides	 is	 far	 less	 widespread,	 with	 resistant	
populations	 only	 being	 observed	 in	 Malaysia	 (Furlong	 et	 al.,	 2013,	 Sayyed	 and	
Crickmore,	 2007).	 Co-application	 of	 EPF	 biopesticides	 with	 commercially	 available	
insecticides	has	 the	potential	 to	 reduce	 selection	pressure	on	DBM	populations,	 and	
reduce	 the	 prevalence	 of	 insecticide	 resistance.	 In	 the	 absence	 of	 an	 available	
insecticide	 resistant	 DBM	 population	 to	 be	 used	 in	 this	 study,	 the	 use	 of	 low	





































ii. Based	 on	 information	 from	 (i),	 plus	 information	 from	 the	 literature,	 three	
insecticides	were	selected	to	undergo	co-application	experiments	with	B.	bassiana	
433.99	























































Fipronil	 M.	anisopliae	 BVW	 1	 (Shah	et	al.,	2007)	
Organophosphate	 M.	anisopliae	 Cockroach	 1	 (Pachamuthu	and	
Kamble,	2000)	
Spinosad	 M.	anisopliae	 Wireworm	 1	 (Ericsson	et	al.,	
2007)	





























The	 aim	 of	 this	 experiment	 was	 to	 determine	 the	 effect	 of	 commercially	 available	











DBM	were	 reared	as	described	 in	2.1.	A	group	of	 fixed	age	second	 instar	 larvae	was	
prepared	using	the	procedure	described	in	2.1.		Groups	of	10-15	larvae	were	transferred	



















The	toxicity	of	all	16	 insecticides	was	assessed	 in	one	block,	 for	each	 insecticide,	 the	















































suspension	 up	 to	 the	 field	 recommended	 dose,	 was	 then	 added	 (Table	 5-2).	 The	
SDA/insecticide	 solution	 was	 then	 stirred	 using	 a	 magnetic	 stirrer	 to	 ensure	 even	
distribution	of	the	insecticide.	The	SDA/insecticide	solution	was	then	poured	into	9cm	




acetamiprid	 Gazelle	 Certis	Europe	 neonicotinoid	 375g/300L	 0.01g	
chlorpyrifos	 Dursban	 Dow	Agrosciences	 organophosphate	 30g/1L	 0.003g	
cyantraniliprole	 Coregan	 DuPoint	 anthranilic	diamides	 175ml/300L	 5.8	μL	
deltamethrin	 Decis	 Bayer	 pyrethroid	 300ml/300L	 10.0	μL	
diflubenzuron	 Dimilin	flo	 Certis	Europe	 benzimide	 200ml/500L	 4.0	μL	
indoxacarb	 Steward	 DuPoint	 oxadiazine	 650ml/300L	 21.7	μL	
lambda-cyhalothrin	 Hallmark	Zeon	 Syngenta	 pyrethroid	 100ml/300L	 3.3	μL	
maltodextrin	 Majestik	 Certis	Europe	 –	 25ml/1L	 250.0	μL	
pyrethrins	 Pyrerhrin	5ec	 Agropharm	ltd	 pyrethrin	 20ml/5L	 40	μL	
spinosad	 Tracer	 Dow	Agrosciences	 spinosad	 200ml/300L	 6.7	μL	
spirotetrama	 Movento	 Bayer	 ketoenols	 500ml/300L	 16.7	μL	
thiacloprid	 Calypso	 Bayer	 neonicotinoid	 375ml/300L	 12.5	μL	
thiamethoxam	 Actara	 Syngenta	 neonicotinoid	 100g/300L	 0.003g	
azadirachin	 Neemazal	 Trifolio-M	 –	 500ml/100L	 50.0g	
emamectin	 Affirm	 Syngenta	 avermectin	 300ml/300L	 10.0ml	



















The	effect	of	15	 insecticides	on	 the	colony	extension	 rate	of	B.	bassiana	433.99	was	
quantified.	 Colony	 extension	 rate	 of	 B.	 bassiana	 433.99	 was	 assessed	 using	 the	
procedure	described	in	2.6.1.	Experiments	were	carried	out	at	20oC	using	all	candidate	
insecticides.	All	insecticides	used	in	the	experiment	were	included	in	one	block.	Three	


















Three	 candidate	 insecticides	 were	 selected	 to	 undergo	 concentration	 response	
experiments:	Dipel	DF,	Neemazal	and	Calypso.	A	group	of	fixed	aged	second	instar	larvae	
(n=12-15	per	treatment)	were	treated	with	desired	concentration	of	insecticide	using	
the	 procedure	 described	 in	 5.2.1.	 Insecticides	were	 diluted	 in	 0.05%	Triton	 X-100	 to	
obtain	 the	 desired	 concentrations.	 Preliminary	 investigations	 were	 used	 to	 find	 the	


























































	 Experiment	1	 	 	 	 Experiment	2	 	




















5.5	 0	 	 5.5	 0	
6.0	 0	 	 6.0	 0	
6.5	 0	 	 6.5	 0	











5.5	 LC40	 	 5.5	 LC40/10	
6.0	 LC40	 	 6.0	 LC40/10	
6.5	 LC40	 	 6.5	 LC40/10	
7.0	 LC40	 	 7.0	 LC40/10	
insecticide	
only	
0	 LC40	 	 insecticide	
only	
0	 LC40/10	





0	 0	 	 0	 0	
























was	 used	 to	 obtain	 the	 radial	 rate.	 Anovas	 were	 completed	 to	 obtain	 significant	
differences	between	radial	rates	of	B.	bassiana	433.99	grown	on	different	insecticides.		
	







Analysis	of	 survival	data	was	conducted	 in	RStudio	 (version	0.99.903	–	©	2009-2016	
RStudio,	 Inc)	 using	 the	 package	 DRC	 (version	 3.0-1)	 separately	 for	 each	 insecticide	
concentration-mortality	response	experiment	using	the	procedure	described	in	2.7.		
	
The	 same	 analysis	 for	 characterising	 responses	 as	 being	 antagonistic,	 additive	 or	
synergistic	was	completed	as	was	used	in	Nian	et	al.	(2015)	in	Microsoft	Excel	(version	
15.38	 (170815)).	 Mortality	 data	 was	 analysed	 from	 days	 four,	 five	 and	 six	 of	 the	
experiment.	 A	 chi	 squared	 test	 was	 completed	 to	 compare	 expected	 and	 observed	
values.	 The	 hypothesis	 being	 tested	 was	 that	 there	 was	 no	 interaction	 between	 B.	
bassiana	 433.99	 and	 a	 selected	 insecticide	 when	 applied	 to	 group	 of	 DBM	 larvae.	
Because	 separate	 chi	 squared	 tests	 were	 completed	 for	 separate	 days	 and	
concentrations,	 no	 assumptions	 were	 made	 on	 the	 distribution	 of	 concentration-







































































2).	 Data	 was	 corrected	 for	 control	 mortality	 using	 Schnieders	 orriellas	 formulae	
(Puntener,	1981),	control	mortality	was	consistently	below	10%	across	all	time	points	
and	 replicates.	Mortality	 increased	 significantly	with	 time	 for	 all	 isolates	 apart	 from	
Dimilin	 Flo,	Majestick	 and	Movento	 (Anova,	 P=<0.001).	Mortality	 varied	 significantly	
with	insecticide	at	all	time	points	(Anova,	P=<0.001).	At	1hr	after	treatment	Decis	and	
Tracer	 caused	 100%	mortality,	 which	was	 significantly	 higher	 than	 all	 other	 isolates	




under	 50%	mortality.	 	 By	 120hr	 after	 treatment,	 Dimilin	 Flo,	Majestik	 and	Movento	
caused	 below	 5%	mortality.	 Significantly	 lower	 than	 all	 other	 isolates	 (Tukey’s	 HSD,	
P=<0.05)(Fig.	5-2).		
	







































insecticides	 was	 lower	 than	 that	 of	 the	 control;	 Movento,	 Tracer,	 Actara,	 Coregan,	
Affirm,	Calypso,	Hallmark	Zeon,	Steward,	Dimilin	displayed	17.0	to	28.9%	germination,	
but	this	did	not	differ	significantly	from	the	control	(Tukey’s	HSD,	P=>0.05).		Germination	
on	 Pyrethrin	 5EC,	 Majestik,	 Decis,	 Dipel	 DF,	 Gazzelle,	 Dursban	 and	 Movento	 was	
significantly	lower	than	the	SDA	control	(Tukey’s	HSD,	P=>0.05).	Of	these	insecticides,	



















































rate	 of	 0.14±0.01	 cm	 day-1.	 Higher	 colony	 extension	 rates	 were	 observed	 when	 B.	
bassiana	 433.99	 was	 grown	 on	 five	 other	 insecticides,	 but	 this	 difference	 wasn’t	
significantly	different	from	the	control	(Tukey’s	HSD,	P=>0.05).		These	insecticides	were	
Steward,	 Dimilin	 Flo,	 Affirm,	 Calypso	 and	 Hallmark	 Zeon	 which	 displayed	 rates	 of	
between	0.14	-	0.15	cm	day-1.	Of	the	insecticides	on	which	colony	extension	rates	were	
lower	than	the	control,	Actara,	Coregan,	Decis,	Tracer,	Majestik,	Neemazal,	and	Dursban	
did	 not	 cause	 a	 significant	 inhibition	 of	 growth	 rate	 in	 B.	 bassiana	 (Tukey’s	 HSD,	


































































Neemazal	 mortality	 concentration	 responses	 (lack-of-fit	 test,	 P=	 0.39	 and	 0.20,	
respectively)	 (Table	 5-4).	 For	 the	Calypso	 concentration	 response,	 a	 4-parameter	 log	

































Dipel	DF	 LL2	 0.39	 8.9	x	10-8	
Neemazal	 LL2	 0.20	 1.0	x	10-6	


































concentration.	 Time	 between	 second	 and	 third	 instar	was	 not	 significantly	 different	
between	0	and	5x10-9	(Tukey’s	HSD	test	=>0.05).	At	concentrations	5x10-8	,5x10-8	,5x10-






ml-1	 conferred	 development	 times	 which	 were	 significantly	 longer	 than	 the	 control	
(Tukey’s	 HSD	 test	 =<0.05).	Maximum	 and	minimum	mean	 development	 (±SE)	 times	




time	 to	 development.	 Concentrations	 of	 1x10-6,	 6x10-6	 and	 3x10-5	 g	 ml-1	 conferred	
significantly	longer	development	times	than	the	control.	A	concentration	of	3x10-5	g	ml-




Polynomial	 regressions	 were	 also	 used	 to	 explain	 the	 relationship	 between	






model.	 	 P-values	 were	 0.003,	 0.03	 and	 0.03	 for	 Anovas	 comparing	 second	 order	
polynomials	to	linear	regressions	for	Dipel	DF,	Neemazal	and	Calypso,	respectively.	This	















Insecticide	 P-value	 r2	 a	 b	 c	
Dipel	DF	 <0.001	 0.60	 -1.30	 1.80	 3.87	
Neemazal	 0.005	 0.52	 -1.00	 1.70	 3.98	





























































































4d	 5d	 6d	 4d	 5d	 6d	 4d	 5d	 6d	 4d	 5d	 6d	
4x10-8	 1x105	 18.2	 20.5	 20.5	 24.3	 24.3	 24.3	 0.9	 0.4	 0.4	 A	 A	 A	
4x10-8	 3.16x105	 14.6	 19.5	 26.8	 24.2	 28.5	 32.2	 2.0	 1.6	 0.5	 A	 A	 A	
4x10-8	 1x106	 22.7	 38.6	 47.7	 28.3	 36.0	 47.1	 0.7	 0.1	 0.0	 A	 A	 A	
4x10-8	 3.16x106	 28.9	 48.9	 55.6	 46.2	 51.7	 61.0	 5.4	 0.1	 0.6	 An	 A	 A	
4x10-8	 1x107	 42.9	 66.7	 71.4	 62.1	 73.5	 81.2	 6.6	 1.0	 2.6	 An	 A	 A	
0	 1x105	 9.4	 9.4	 9.4	 	 	 	 	 	 	 	 	 	
0	 3.16x105	 9.2	 14.4	 18.8	 	 	 	 	 	 	 	 	 	
0	 1x106	 14.1	 23.3	 36.7	 	 	 	 	 	 	 	 	 	
0	 3.16x106	 35.6	 42.2	 53.3	 	 	 	 	 	 	 	 	 	
0	 1x107	 54.6	 68.3	 77.5	 	 	 	 	 	 	 	 	 	
4x10-8	 0	 13.0	 13.0	 13.0	 	 	 	 	 	 	 	 	 	














4d	 5d	 6d	 4d	 5d	 6d	 4d	 5d	 6d	 4d	 5d	 6d	
4x10-8	 1x105	 15.8	 18.4	 18.4	 8.7	 12.4	 13.7	 2.4	 1.3	 0.7	 A	 A	 A	
4x10-8	 3.16x105	 16.7	 25.0	 27.8	 10.8	 14.4	 15.6	 1.3	 3.3	 4.0	 A	 A	 S	
4x10-8	 1x106	 15.8	 23.7	 28.9	 15.4	 25.4	 30.8	 0.0	 0.1	 0.1	 A	 A	 A	
4x10-8	 3.16x106	 31.6	 65.8	 68.4	 20.4	 34.7	 51.9	 2.9	 16.3	 4.1	 A	 S	 S	
4x10-8	 1x107	 43.9	 87.8	 92.7	 31.0	 66.2	 68.6	 3.2	 8.6	 11.1	 A	 S	 S	
0	 1x105	 0.0	 2.8	 2.8	 	 	 	 	 	 	 	 	 	
0	 3.16x105	 2.4	 4.9	 4.9	 	 	 	 	 	 	 	 	 	
0	 1x106	 7.3	 17.2	 22.0	 	 	 	 	 	 	 	 	 	
0	 3.16x106	 12.9	 27.5	 45.9	 	 	 	 	 	 	 	 	 	
0	 1x107	 24.5	 62.5	 64.6	 	 	 	 	 	 	 	 	 	
4x10-8	 0	 5.0	 7.0	 	 	 	 	 	 	 	 	 	 	























0	 6.32x106	 4.96x106	 8.18x106	

















0	 5.36x106	 3.95x106	 7.28x106	























between	 B.	 bassiana	 and	 Neemazal	 was	 observed	 at	 four,	 five	 and	 six	 days	 after	
treatment.	For	example,	on	day	six,	94.9	and	72.2%	mortality	was	observed	for	duel	and	
B.	bassiana	only	 treatments,	 respectively.	Synergistic	 interactions	were	also	 found	at	
3.16x107	conidia	ml-1	on	days	five	and	six	after	treatment,	and	at	3.16x105	conidia	ml-1	
on	 day	 six.	 Of	 the	 15	 interactions	 characterised,	 six	were	 synergistic	 and	 nine	were	
additive	(Table	5-10).		
	





Probit	 analysis	 was	 used	 to	 compare	 B.	 bassiana	 LC50s	 between	 EPF	 only	 and	 co-
application	 treatments.	 For	 experiments	 involving	 Neemazal	 LC40	 and	 the	 10-fold	
dilution	of	the	LC40,	error	bars	representing	95%	confidence	intervals	of	the	B.	bassiana	


























4d	 5d	 6d	 4d	 5d	 6d	 4d	 5d	 6d	 4d	 5d	 6d	
4.3x10-6	 1x105	 5.3	 27.7	 45.7	 16.8	 29.8	 38.1	 3.8	 0.0	 1.1	 A	 A	 A	
4.3x10-6	 3.16x105	 8.3	 41.2	 57.7	 19.4	 31.8	 40.2	 0.2	 1.3	 4.2	 A	 A	 S	
4.3x10-6	 1x106	 5.3	 54.9	 63.2	 16.8	 46.3	 59.5	 0.6	 0.9	 0.1	 A	 A	 A	
4.3x10-6	 3.16x106	 36.8	 77.8	 77.8	 44.4	 49.7	 59.7	 1.0	 11.3	 4.9	 A	 S	 S	
4.3x10-6	 1x107	 52.8	 89.7	 94.9	 58.5	 75.3	 81.3	 6.0	 3.9	 4.3	 S	 S	 S	
0	 1x105	 5.3	 5.3	 7.9	 	 	 	 	 	 	 	 	 	
0	 3.16x105	 8.3	 8.1	 10.9	 	 	 	 	 	 	 	 	 	
0	 1x106	 5.3	 27.6	 39.7	 	 	 	 	 	 	 	 	 	
0	 3.16x106	 36.8	 32.3	 40.0	 	 	 	 	 	 	 	 	 	
0	 1x107	 52.8	 66.7	 72.2	 	 	 	 	 	 	 	 	 	
4.3x10-6	 0	 11.2	 20.9	 28.4	 	 	 	 	 	 	 	 	 	


















4d	 5d	 6d	 4d	 5d	 6d	 4d	 5d	 6d	 4d	 5d	 6d	
4.3x10-7	 1x105	 3.0	 15.2	 30.3	 15.5	 24.8	 28.4	 3.8	 1.7	 0.1	 A	 A	 A	
4.3x10-7	 3.16x105	 8.1	 13.5	 18.9	 5.0	 15.0	 18.6	 0.8	 0.1	 0.0	 A	 A	 A	
4.3x10-7	 1x106	 5.4	 13.5	 21.6	 9.9	 17.2	 28.4	 0.8	 0.4	 0.8	 A	 A	 A	
4.3x10-7	 3.16x106	 18.9	 35.1	 48.6	 27.6	 41.3	 41.8	 1.4	 0.6	 0.7	 A	 A	 A	
4.3x10-7	 1x107	 44.4	 63.9	 72.2	 54.4	 70.4	 78.0	 1.4	 0.7	 0.7	 A	 A	 A	
0	 1x105	 11.0	 20.7	 23.5	 	 	 	 	 	 	 	 	 	
0	 3.16x105	 0.0	 10.3	 13.1	 	 	 	 	 	 	 	 	 	
0	 1x106	 5.2	 12.7	 23.6	 	 	 	 	 	 	 	 	 	
0	 3.16x106	 23.7	 38.1	 37.9	 	 	 	 	 	 	 	 	 	
0	 1x107	 52.0	 68.8	 76.5	 	 	 	 	 	 	 	 	 	
4.3x10-7	 0	 5.0	 5.0	 6.4	 	 	 	 	 	 	 	 	 	
























0	 4.40x106	 2.29x106	 7.98x106	


















0	 5.99x106	 4.07x106	 8.84x106	






















interactions	 were	 observed	 at	 1x107	 conidia	 ml-1	 between	 B.	 bassiana	 433.99	 and	
Calypso	on	days	four,	five	and	six	after	treatment.	For	example,	on	day	five,	100.0	and	









B.	 bassiana	 and	 combination	 treatments,	 respectively.	 	 Synergistic	 interactions	were	
also	observed	at	3.16x105	conidia	ml-1	on	days	five	and	six	after	treatment.	Of	the	15	




























4d	 5d	 6d	 4d	 5d	 6d	 4d	 5d	 6d	 4d	 5d	 6d	
3.1x10-6	 1x105	 38.5	 43.6	 46.2	 34.8	 37.8	 39.3	 0.2	 0.6	 0.8	 A	 A	 A	
3.1x10-6	 3.16x105	 40.5	 56.8	 64.9	 42.6	 47.3	 49.5	 0.1	 1.3	 3.5	 A	 A	 A	
3.1x10-6	 1x106	 36.1	 55.6	 55.6	 48.4	 50.9	 57.7	 2.2	 0.3	 0.1	 A	 A	 A	
3.1x10-6	 3.16x106	 61.5	 82.1	 92.3	 56.9	 60.8	 68.2	 0.3	 7.4	 10.5	 A	 S	 S	
3.1x10-6	 1x107	 87.5	 100.0	 100.0	 72.7	 73.2	 83.9	 4.4	 14.7	 7.7	 S	 S	 S	
0	 1x105	 2.8	 5.3	 7.7	 	 	 	 	 	 	 	 	 	
0	 3.16x105	 14.3	 19.9	 23.2	 	 	 	 	 	 	 	 	 	
0	 1x106	 23.0	 25.4	 35.7	 	 	 	 	 	 	 	 	 	
0	 3.16x106	 35.6	 40.4	 51.6	 	 	 	 	 	 	 	 	 	
0	 1x107	 59.2	 59.2	 75.5	 	 	 	 	 	 	 	 	 	
3.1x10-6	 0	 29.0	 29.0	 29.0	 	 	 	 	 	 	 	 	 	

















4d	 5d	 6d	 4d	 5d	 6d	 4d	 5d	 6d	 4d	 5d	 6d	
3.1x10-7	 1x105	 10.0	 12.5	 20.0	 10.6	 16.4	 21.0	 0.0	 0.4	 0.5	 A	 A	 A	
3.1x10-7	 3.16x105	 25.6	 30.8	 33.3	 9.9	 18.2	 22.1	 10.9	 4.1	 15.1	 S	 S	 S	
3.1x10-7	 1x106	 17.1	 31.7	 41.5	 18.0	 25.8	 34.7	 0.0	 0.7	 0.8	 A	 A	 A	
3.1x10-7	 3.16x106	 60.5	 65.8	 73.7	 17.7	 27.5	 33.5	 47.9	 28.0	 75.9	 S	 S	 S	
3.1x10-7	 1x107	 76.9	 82.1	 92.3	 59.9	 79.7	 86.2	 4.7	 0.1	 4.8	 S	 A	 S	
0	 1x105	 8.3	 8.3	 11.1	 	 	 	 	 	 	 	 	 	
0	 3.16x105	 7.5	 10.3	 12.4	 	 	 	 	 	 	 	 	 	
0	 1x106	 15.9	 18.7	 26.6	 	 	 	 	 	 	 	 	 	
0	 3.16x106	 15.6	 20.4	 25.2	 	 	 	 	 	 	 	 	 	
0	 1x107	 58.9	 77.8	 84.4	 	 	 	 	 	 	 	 	 	
3.1x10-7	 0	 2.5	 6.0	 7.5	 	 	 	 	 	 	 	 	 	

























0	 4.73x106	 3.43x106	 6.65x106	

















0	 5.60x106	 4.26x106	 7.43x106	




















The	mortality	 found	 in	 response	 to	organophosphates,	pyrethroids	and	 the	Bt	based	
















study,	 insecticides	were	more	 likely	 to	 inhibit	 the	germination	of	B.	bassiana	433.99,	
when	compared	to	the	colony	extension	rate,	there	are	many	possible	reasons	for	this.	








A	 group	 of	 insecticides	 including	 Neemazal	 and	 Calypso	 were	 found	 to	 have	 no	
significant	effect	on	the	physiology	of	B.	bassiana	433.99	in	vitro.	A	similar	study,	Neves	
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et	 al.	 (2001)	 found	 imidacloprid,	 a	 closely	 related	 compound	 to	 the	 Calypso	 active	
thiacloprid,	 conferred	 no	 significant	 inhibition	 of	 fungal	 colony	 extension	 rate.	 In	
addition,	a	study	by	Gomes	et	al.	 (2015)	also	showed	that	neem	oil	had	no	effect	on	
germination	or	vegetative	growth	of	M.	anisopliae.	Although,	it	should	be	noted	that,	in	




Before	 experiments	 were	 completed	 to	 quantify	 the	 effect	 of	 co-application	 of	 B.	











91	 and	 70%	 mortality,	 respectively.	 Additionally,	 Neemazal	 and	 Calypso	 caused	 no	
significant	inhibition	of	B.	bassiana	433.99	colony	extension	rate	or	germination.	This	






larvae	 (Nian	 et	 al.,	 2015).	 It	 was	 also	 advantageous	 to	 the	 study	 that	 the	 three	
insecticides	 chosen	 had	 separate	 modes	 of	 action,	 this	 allows	 the	 opportunity	 to	
elucidate	whether	mode	of	action	effects	the	observed	response	after	co-application.	
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Neemazal	are	able	 to	 increase	either	 speed	of	 kill	or	overall	percentage	mortality	of	
insect	pests	when	applied	with	an	EPF	biopesticides.	For	example,	it	was	found	that	if	
the	 aphid	 species	 Myzus	 persicae	 was	 treated	 with	 B.	 bassiana	 and	 a	 sub-lethal	
concentration	of	imidacloprid	at	a	concentration	of	0.1-0.5	ug	ml-1	there	was	significant	
enhancement	of	fungal	action,	reflected	in	an	increased	speed	of	kill.	In	the	same	study,	
The	 LC50	 of	 B.	 bassiana	 was	 reduced	 by	 up	 to	 100	 times	 by	 combining	 the	 EPF	
biopesticide	 with	 sublethal	 concentrations	 of	 imidacloprid	 (Ye	 et	 al.,	 2005).	
Consequently,	an	imidacloprid-EPF	treatment	was	suggested	as	an	alternative	control	
strategy	 for	 control	 of	Myzus	 persicae.	Nian	 et	 al.	 (2015)	 completed	 experiments	 to	
establish	 whether	 an	 I.	 fumosorosea	 EPF	 isolate	 interacted	 with	 a	 sub-lethal	
concentration	of	Bt	when	applied	to	second	instar	DBM	larvae.	It	was	found,	through	
chi	squared	analysis,	that	there	was	a	predominantly	synergistic	interaction	between	Bt	
and	 I.	 fumosorosea.	 For	 example,	 at	 a	 concentration	 of	 5	 x	 105	 conidia	 ml-1	 I.	
fumosorosea	conferred	69%	and	84%	mortality	when	applied	without	and	with	a	sub-
lethal	concentration	of	Bt,	respectively.	Neem	oil	was	found	to	increase	to	efficacy	of	an	
M.	 anisopliae	 isolate	 when	 treating	 Aedes	 aegypti	 larvae	 (Gomes	 et	 al.,	 2015).	
Mortalities	 of	 78	 and	 36%	were	 reported	when	M.	 anisopliae	was	 applied	with	 and	
without	a	low	concentration	of	neem	oil.	The	authors	also	found	co-application	of	neem	
oil	 and	M.	 anisopliae	 resulted	 an	 increase	 speed	 of	 kill,	 as	 well	 as	 overall	mortality	
percentages	(Gomes	et	al.,	2015).		
	









In	 the	 concentration-response	 analysis,	 Calypso	 displayed	 a	 far	 steeper	 slope	 when	
compared	to	Dipel	DF	and	Neemazal.	The	slope	represents	the	variation	in	susceptibility	
of	the	group	of	DBM	larvae	to	the	insecticide	in	question.	This	suggests	that	DBM	had	a	
more	 uniform	 susceptibility	 to	 thiacloprid	 (the	 active	 ingredient	 of	 Calypso)	 when	
compared	to	Dipel	DF	and	Neemazal.	Thiacloprid	acts	on	contact	with	the	insect	cuticle,	
and	 therefore	 has	 a	 more	 direct	 mode	 of	 action	 when	 compared	 to	 Dipel	 DF	 and	
Neemazal,	which	may	result	in	a	faster	speed	of	kill	(Gill	et	al.,	1992,	Mordue	and	Nisbet,	
2000).		Dipel	DF	and	Neemazal	insecticides	are	reliant	on	consumption	of	leaf	material	
(treated	 with	 insecticide)	 to	 be	 effective,	 leaf	 consumption	 rates	 vary	 between	
individual	 DBM	 larvae	 depending	 on	 various	 factors	 such	 as	 age	 with	 in	 the	 instar	




with	 the	 three	 candidate	 insecticides	 used	 most	 often	 results	 in	 a	 higher	 level	 of	
mortality	 in	 groups	 of	 DBM	 larvae.	 The	 most	 commonly	 found	 response	 between	
insecticide	and	B.	bassiana	433.99	was	additivity.	Synergy	was	also	found,	mostly	at	high	








the	 experiment	 using	 the	 lower	 dose	 of	 Dipel	 DF.	 30	 chi	 squared	 analyses	 were	
competed,	but	because	these	analyses	were	completed	on	data	from	consecutive	days,	
only	 three	 independent	 interactions	 were	 assessed.	 Overall,	 across	 all	 Dipel	 DF	
experiments,	 5	 of	 30	 chi	 squared	 analyses	 were	 found	 to	 be	 synergistic,	 2	 were	
antagonistic,	 and	 23	were	 additive.	Nian	 et	 al.	 (2015)	 completed	 a	 study	with	 same	
experimental	 design,	 in	 which	 a	 concentration	 range	 of	 EPF	 was	 applied	 with	 and	
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without	a	fixed	dose	of	Bt.	Like	in	the	current	study,	two	doses	of	Bt	were	used,	one	
causing	 approximately	 20%	 mortality	 and	 the	 other	 causing	 approximately	 10%	
mortality.	 Far	 more	 synergism	 was	 found	 in	 the	 study	 by	 Nian	 et	 al.	 (2015)	 when	
compared	to	the	current	study.	Of	the	30	chi	squared	analyses	,	19	were	found	to	be	
synergistic.	 No	 evidence	 of	 antagonism	 was	 found.	 By	 day	 six	 it	 was	 found	 that	 all	
interactions	were	synergistic	regardless	of	the	dose	of	Bt	or	EPF.	However,	there	were	
some	differences	 in	experimental	design	between	Nian	et	al.	 (2015)	and	 the	current	
study.	 In	 the	Nian	 et	 al.	 (2015)	 study,	 treatment	 consisted	 of	 immersing	 larvae	 in	 a	
suspension	 of	 Bt	 and	 EPF	 biopesticide	 for	 periods	 of	 10s.	 In	 the	 current	 study,	 EPF	
biopesticide	was	applied	using	a	Potter	tower	sprayer,	and	Bt	was	applied	by	spreading	
Dipel	DF	on	a	leaf	disc.	The	method	of	treatment	employed	by	Nian	et	al.	(2015)	may	




Neemazal	 was	 found	 to	 interact	 with	B.	 bassiana	 either	 synergistically	 or	 additively	
















Of	 the	 three	 insecticides	 tested,	 Calypso	 provided	 the	most	 evidence	 of	 synergism.	




the	 LC50	 of	 B.	 bassiana.	 Considering	 the	 extent	 of	 reduction	 of	 the	 LC50,	 this	 can	
probably	 be	 considered	 a	 synergistic	 interaction	 and	 is	 consistent	 with	 the	 current	
research.	In	the	current	research,	when	applied	with	Calypso	at	LC40,	the	B.	bassiana	

















Other	 than	 simply	 reporting	 the	 presence	 or	 absence	 of	 certain	 interactions,	 it	 is	
important	to	investigate	the	mechanism	behind	these	responses.	Two	mechanisms	for	
synergistic	interactions	between	Bt	and	EPF	were	proposed	by	Nian	et	al.,	(2015).	Firstly,	
the	 infection	of	 EPF	may	 increase	 the	 susceptibility	of	DBM	 to	 the	other	pathogens.	
Furlong	 and	 Groden	 (2001)	 reported	 synergy	 between	 sub-lethal	 concentrations	 of	
immidacloprid	and	a	B.	bassiana	isolate	when	applied	to	second	instar	Colorado	potato	





effect	 was	 observed.	 In	 the	 current	 study,	 it	 was	 observed	 that	 larvae	 treated	with	
insecticide	as	well	as	B.	bassiana	433.99	consumed	 less	 leaf	area	when	compared	to	




one	 instar	 to	 the	 next	 can	 be	 an	 effective	 route	 to	 avoid	 infection	 for	 DBM	 larvae		
(Vandenberg	 et	 al.,	 1998b).	 Additionally,	 it	 has	 been	 found	 that	 Bt	 can	 arrest	 the	
development	of	potato	beetle	larvae	(Cloutier	and	Jean,	1998,	Costa	et	al.,	2000).	Self-











lethal	 effects	 of	 commercially	 available	 insecticides	 against	 DBM,	 in	 terms	 of	
development,	have	been	investigated.		
	
When	 studying	 the	 combination	 of	 products	 to	 achieve	 insect	 control,	 it	 should	 be	
assessed	 whether	 their	 coapplication	 has	 any	 influence	 on	 the	 development	 of	
resistance	 in	 the	 insect	 population.	 IPM	 strategies	 rely	 on	 the	 premise	 that	 if	many	
different	 control	 products	 are	 used,	 each	 of	 which	 has	 a	 separate	 mode	 of	 action,		
insects	will	be	less	likely	to	evolve	resistance	during	a	series	of	applications	(Sarfraz	at	





selection	 pressure	 is	 increased	 dramatically,	 which	 may	 result	 in	 development	 of	




when	it	comes	planning	the	application	of	such	control	products.	For	example,	 if	 it	 is	










in	 an	 increase	 in	 insect	 mortality.	 Additionally,	 synergy	 was	 observed	 at	 high	
concentrations	 of	 EPF	 and	 insecticide	 for	 all	 insecticides.	 Calypso	 was	 the	 only	













i. Results	 indicate	 that	 Calypso,	 Dipel	 DF	 and	 Neemazal	 are	 compatible	 with	 B.	
bassiana,	and	can	be	used	in	an	IPM	system	to	control	DBM.	




































As	 insecticide	 only	 control	 strategies	 of	DBM	have	 failed	 to	 be	 sustainable,	 relevant	
experts	 believe	 the	 use	 of	 IPM	 is	 the	 way	 forward	 in	 controlling	 DBM	 populations		
(Sarfraz	et	al.,	2005,	Furlong	et	al.,	2013).	EPF	have	great	potential	for	DBM	control	in	
an	 IPM	 system,	 with	 certain	 species	 (such	 as	 B.	 bassiana)	 being	 shown	 to	 cause	
significant	DBM	control	both	in	the	laboratory	(Wraight	et	al.,	2010)	and	when	applied	
as	a	foliar	spray	(Vandenberg	et	al.,	1998b).	EPF	may	also	have	good	compatibility	with	
other	 elements	 of	 the	 IPM	 system.	 For	 example,	 Nian	 et	 al.,	 (2015)	 showed	 that	 a	


























far	 less	susceptible	to	 infection	by	EPF	conidia.	The	authors	hypothesised	that	 larvae	
avoid	infection	by	shedding	EPF	conidia	during	moult.	It	was	also	found	that	EPF	conidia	
were	present	on	 the	cuticular	exuvae	shed	after	moult,	which	 further	supported	 the	
authors’	hypothesis.	This	concept	is	well	known	in	other	larval	insects.	For	example,	it	
was	 found	 that	 the	moulting	 process	 can	 remove	 EPF	 conidia	 from	Colorado	potato	
beetle	 larvae	 and	 allow	 the	 insect	 to	 avoid	 infection	 (Vey	 and	 Fargues,	 1977).	 The	
process	 of	 removal	 of	 EPF	 inoculum	 during	 moult	 can	 reduce	 the	 efficacy	 of	 EPF	













through	 secondary	 pick-up	 (Cui	 et	 al.,	 2014).	 In	 the	 preliminary	 investigations	 into	





























































exuvia	 on	 the	 leaf	 surface.	 Late	 instar	 larvae	 were	 identified	 by	 their	 visibly	 lighter	
cuticle.	10-15	DBM	larvae	were	included	in	each	age	group.	For	each	treated	age	group	
of	 larvae,	 an	 untreated	 control	 group	 was	 also	 completed.	 The	 control	 treatment	
consisted	of	treatment	of	larvae	with	0.05%	Triton	X-100	using	the	Potter	tower.	Each	
of	 the	 five	 groups	 of	 known-age	 larvae	 (plus	 the	 corresponding	 controls)	 were	
















Groups	 of	 early	 and	 late	 second	 instar	 larvae	 (eight	 and	 11	 days	 after	 eclusion,	
respectively)	were	treated	with	a	fixed	dose	of	B.	bassiana	433.99	using	one	of	three	
application	 techniques.	B.	 bassiana	 433.99	was	 applied	 at	 1x108	 conidia	ml-1.	 These	
application	 techniques	 can	 be	 described	 as	 “larval	 spray”,	 “leaf	 spray”	 and	 a	
combination	 of	 leaf	 application	 and	 leaf	 spray	 techniques.	 For	 the	 larval	 spray	
technique,	 the	procedure	described	 in	 2.4	was	 used,	 4ml	 of	B.	 bassiana	 433.99	was	
applied	to	groups	of	larvae	using	the	Potter	tower.				
	












which	 had	 been	 sprayed	 with	 EPF	 conidia	 as	 described	 previously.	 Leaf	 discs	 were	
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application	 techniques),	 plus	 a	 corresponding	 untreated	 control	 for	 each	 treatment.	
Each	treatment	comprised	of	two	groups	of	10-15	larvae	maintained	in	separate	petri	
dishes.	One	group	was	used	for	mortality	assessment,	the	other	was	used	to	quantify	


















Groups	 of	 10-15	 early	 second	 larvae	 (8d	 after	 eclusion)	 were	 prepared	 using	 the	
procedure	described	 in	2.1.	 	Whole	plants	 (Brassica	oleracea,	var:	Skywalker,	Elsoms	
Seeds	Ltd,	Lincoln,	UK)	were	treated	with	B.	bassiana	433.99	conidia	suspensions	using	





100.	 Semi-mature	 cauliflower	 plants	 (Skywalker,	 Elsoms	 Ltd,	 UK),	 approximately	 six	
weeks	 in	 age	 and	 at	 the	 seven	 leaf	 stage,	 	 were	 sprayed	 with	 10ml	 of	 the	 desired	














































Each	 repetition	 consisted	of	 20	 treatments:	 five	 time	 intervals	 for	 each	of	 the	 three	





Percentage	 mortality	 was	 corrected	 for	 control	 mortality	 using	 Schneider-Orelli's	
formula	(Puntener,	1981).	Before	Anovas	were	completed,	percentage	mortality	data	
was	arcsine-sine	of	the	squareroot	transformed.	Before	Anovas	were	completed,	data	
was	 tested	 for	 normality	 through	 visual	 observvation	 of	 a	 residual-residual	 plots.	















for	control	mortality	using	Schneider-Orelli's	 formula	 (Puntener,	1981).	Age	of	 larvae	





instar	 larvae	 displayed	mortality	 of	 70.0±19.8,	 90.3±10.9,	 81.5±17.0%,	 there	was	 no	




Corrected	mortality	 was	 also	 plotted	 against	 time	 before	moult.	 A	 linear	 regression	
model	was	fitted	to	this	data	which	had	the	following	equation:		

























Mortality	 from	 six	 days	 after	 treatment	 was	 corrected	 for	 control	 mortality	 using	
Schneider-Orelli's	 formula.	 Control	 mortality	 was	 consistently	 below	 10%	 for	 all	
treatments,	with	the	exception	of	the	control	treatment	for	late	instar	larvae	treated	
using	 the	 larval	 spray	 technique	 which	 displayed	 10.9%	 mortality	 after	 six	 days.	
Mortality	was	significantly	affected	by	treatment	(Anova,	P=	0.002).	Application	method	
had	 no	 significant	 effect	 on	 the	mortality	 of	 second	 instar	 (8d	 after	 oclusion)	 larvae	
(Tukey	HSD,	P=>0.05).	Mortality	was	47.5±25.8,	85.4±12.6	and	73.6±23.3%	for	groups	
of	 larvae	 treated	 early	 in	 the	 second	 instar	 using	 leaf	 spray,	 larvae	 spray	 and	
combination	 treatments,	 respectively.	 For	 the	 larval	 spray	 application	 proportion	
mortality	of	groups	of	late	instar	larvae	was	lower	than	in	groups	of	early	second	instar	
(0	and	85.4±12.6%,	respectively)	(Tukey	HSD	<0.01).		Mortality	was	significantly	lower	































Spores	 present	 on	 larvae	 (Log10[conidia	 larvae-1])	 were	 significantly	 affected	 by	
treatment	at	1hr	after	treatment	(Anova,	P=0.002).	Larvae	treated	using	the	leaf	spray	












received	 by	 larvae	 ranged	 from	 794	 to	 2,500	 conidia	 larvae-1.	 For	 the	 larvae	 spray	
treatment,	there	was	a	significantly	fewer	number	of	conidia	present	on	larvae	treated	
late	in	the	second	instar,	when	compared	to	larvae	treated	early	in	the	second	in	the	
second	 instar	 (Tukey	HSD,	P=<0.05).	Conidia	present	on	 larvae	was	794±25	and	25±3	





































































relationship	 between	 time	 after	 treatment	 and	 concentration	 of	 conidia	 on	 the	 leaf	
surface,	for	each	concentration	of	conidia	applied	to	the	leaf	surface.		For	the	control	




present	on	 leaves	at	0	and	192hr	after	 treatment,	 respectively.	For	1x105,	1x106	and	










zero	 relationship	 (linear	 regression,	 P=0.13).	 For	 the	 1x107	 conidia	 ml-1	 	 treatment,	
2.2x105±5.4x104	 and	 8.8x104±3.4x104	 conidia	 cm-2	 were	 present	 on	 leaves	 at	 0	 and	
192hr	after	treatment,	respectively.	
	
At	 192hr	 after	 treatment,	 conidia	 present	 on	 leaves	 was	 significantly	 affected	 by	
treatment	(Anova,	P=<0.001).	There	were	a	significantly	higher	number	of	conidia	on	
leaves	after	being	treated	with	1x108	conidia	ml-1,	when	compared	to	control,	1x104,	
1x105	 and	 1x106	 conidia	 ml-1	 treatments	 (Tukey’s	 HSD,	 P=<0.05).	 There	 was	 no	
significant	difference	between	conidia	present	on	leaf	discs	between	1x107	and	1x108	
conidia	ml-1	treatments	(Tukey’s	HSD,	P=>0.05).	Additionally,	there	was	no	significant	
difference	 in	 conidia	 present	 on	 leaves	 between	 control,	 1x104,	 1x105	 and	 1x106	
treatments	(Tukey’s	HSD,	P=>0.05).	
	
The	number	of	 conidia	present	on	 larvae	 increased	over	 the	course	of	 the	eight	day	
experiment	(Fig.	6-6).	Linear	regression	models	were	fitted	to	the	relationship	between	
time	after	treatment	and	conidia	present	on	larvae,	for	each	concentration	of	conidia	




relationship	 was	 not	 significantly	 different	 from	 zero	 (linear	 regression,	 P=>0.05).	
Between	 3	 and	 192hr,	 conidia	 present	 on	 larvae	 increased	 from	 38.3±18.3	 to	
1.0x103±820.3	conidia	larvae-1	for	the	1x104	conidia	ml-1	treatment.	Between	the	same	
time	 points,	 an	 increase	 of	 110.0±37.7	 to	 3.3x103±885.2	 and	 245.0±93.1	 to	














































































larvae	 for	 any	 isolate	 (Anova,	 P=>0.05).	However,	 significant	 differences	 in	mortality	
were	observed	between	isolates	for	24,	48,	96	and	144hr	interval	treatments	(Anova,	





control)	 the	 linear	 regression	was	not	 significantly	different	 from	a	 zero	 relationship	


















Figure	6-7:	Mortality	 (%±SE)	six	days	after	 treatment	after	being	treated	with	a	 fixed	









amounts	 time	 (hr)	 between	 leaf	 treatment	 and	 exposure	 to	 larvae.	 Significant	
differences	between	mortality	are	also	displayed,	different	lower	case	letters	with	in	the	
same	 column	 indicate	 significant	 differences	 are	 present	 between	 different	 time	
intervals,	 whereas	 different	 uppercase	 letters	 in	 the	 same	 row	 indicate	 significant	
differences	between	isolates	(Anova,	Tukey’s	HSD).		




433.99	 1757.15	 1760.15	 C	 F-value	 P-value	
0	 44.4±14.7	a	A	 88.9±7.3	a	A	 61.1±30.9	a	A	 21.0±17.0	a	A	 2.2	 0.2	
24	 57.1±9.7	a	C	 97.2±2.8	a	B	 80.6±10.0	a	BC	 8.3±4.8	a	A	 26.5	 <0.001	
48	 40.2±3.6	a	DE	 97.2±2.8	a	C	 58.3±12.7	a	BE	 0.0±0.0	a	A	 35.7	 <0.001	
96	 53.5±19.5	a	AC	 100.0±0.0	a	BC	 31.9±13.5	a	A	 2.8±2.8	a	A	 11.7	 0.003	
144	 41.7±9.6	a	DE	 100.0±0.0	a	C	 42.9±5.0	a	BE	 0.0±0.0	a	A	 57.5	 <0.001	
F-value	 0.4	 1.5	 1.2	 1.2	 	 	





















Next,	 it	 was	 assessed	 whether	 secondary	 pick-up	 could	 mitigate	 moulting	 as	 an	
avoidance	mechanism	in	larvae.	The	results	were	found	to	be	in	agreement	with	those	
described	 by	 Vandenberg	 et	 al.	 (1998).	 After	 being	 treated	 using	 the	 larval	 spray	
technique,	there	were	significantly	fewer	conidia	present	on	larvae	after	moult	when	
compared	to	larvae	before	moult	indicating	that	conidia	are	readily	shed	during	moult.	
This	 could	 be	 further	 confirmed	 by	 quantifying	 or	 visualising	 conidia	 present	 on	 the	
















was	 the	same	as	 larvae	of	 the	same	age	treated	using	the	 larval	spray	 technique.	As	




To	 further	 investigate	 secondary	 pick-up	 as	 a	 route	 to	 infection,	 a	 leaf	 spray	
concentration-mortality	response	was	completed	using	B.	bassiana	433.99.	There	are	
many	examples	in	the	literature	of	bioassays	against	DBM	being	completed	using	the	
leaf	 spray	 technique	 (Batta,	 2013,	 Cui	 et	 al.,	 2014,	 Huang	 et	 al.,	 2010).	 A	 clear	










causing	 infection	 through	other	means	 (for	 example,	 penetration	 through	 the	 insect	
mouth	parts);	 these	conidia	would	have	 less	of	an	effect	on	virulence.	Consequently,	
you	would	 expect	 to	 see	 far	 higher	 numbers	 of	 conidia	 required	 to	 cause	mortality	
through	pick	up,	when	compared	to	a	larva	which	was	sprayed	directly	after	moult.		
	
In	 general,	 when	 compared	 to	 previous	 research	 that	 employed	 the	 leaf	 spray	












conidia	 were	 applied	 to	 crested	 wheatgrass	 and	 alfalfa	 at	 a	 concentration	 of	 5x108	
conidia	 ml-1.	 Immediately	 after	 application,	 conidia	 were	 present	 on	 leaves	 at	 a	
concentration	of	between	5.1	x	103	and	1.2	x	105	conidia	cm-2,	 the	number	of	viable	
conidia	was	reduced	by	75%	by	four	days	after	treatment	(Inglis	et	al.,	1993).	Kouassi	et	
al.	 (2003)	 reported	 that	 after	 application	of	 a	B.	 bassiana	 suspension	 to	 lettuce	 and	
celery	 leaves,	 the	 concentration	 of	 conidia	 present	 on	 leaves	 was	 reduced	 by	
approximately	60-95%	depending	on	the	variety	of	plant	used	(Kouassi	et	al.,	2003).		In	
comparison,	 in	 the	 current	 study,	 conidia	 were	 present	 at	 a	 concentration	 of	
6.9x105±2.1x105	on	leaves	after	being	applied	at	1x108	conidia	ml-1,	by	four	days	after	
treatment	conidial	populations	were	reduced	by	50%.	The	lower	conidial	survival	in	the	













after	they	were	left	standing	of	 leaf	discs	before	 introduction	of	 larvae	for	 increasing	
periods	of	time.	After	applying	B.	bassiana	conidia	at	a	fixed	dose	to	celery	and	lettuce	
















general,	 studies	 into	 the	persistence	of	 EPF	 conidia	on	 leaves	 show	 that	 conidia	 can	
maintain	virulence	 for	at	 least	10-14	days.	When	compared	 to	most	other	 studies,	a	
higher	 level	of	virulence	was	maintained	 in	 the	current	experiment	after	EPF	conidia	
were	 left	 standing	 on	 leaves.	 This	 may	 be	 due	 to	 the	 current	 experiment	 being	
















on	 fungal	 efficacy.	 Insect	 growth	 regulators	 (IGRs)	 could	 be	 used	 to	 reduce	 the	
development	 rate	 of	 the	 insect,	 which	 would	 allow	 fungal	 conidia	 a	 longer	 time	 to	
penetrate	 the	cuticle.	Certain	 classes	of	 IGR	have	been	 shown	 to	have	 this	effect	by	
inhibiting	 the	 synthesis	 of	 chitin,	 an	 important	 structural	 component	 of	 the	 insect’s	
































































every	 class	 of	 synthetic	 insecticide	 (Furlong	 et	 al.,	 2013).	 Additionally,	 synthetic	
insecticide	only	applications	have	caused	a	reduction	in	natural	enemies	of	DBM,	which	
has	further	contributed	to	the	prevalence	of	DBM	as	a	pest	(Furlong	et	al.,	2013).	It	is	
now	 the	opinion	of	most	 experts	 that	 IPM	 is	 the	most	 viable	 alternative	 strategy	 to	
control	DBM	(Grzywacz	et	al.,	2010,	Lim,	1992,	Furlong	et	al.,	2013,	Sarfraz	et	al.,	2005).	
EPF	have	considerable	potential	 to	be	used	with	 in	an	 IPM	system	 (Chandler,	2017).	
Several	 EPF	 biopesticides	 are	 available	 on	 the	 market	 which	 are	 effective	 against	
Lepidopteran	pests	and	hundreds	more	EPF	 isolates	have	displayed	virulence	against	
insect	pests	in	the	laboratory	(Chi,	2007).		Additionally,	EPF	biopesticides	can	be	brought	












determined.	 Finally,	 the	 influence	 of	 the	 age	 of	 DBM	 on	 their	 susceptibility	 to	 EPF	
biopesticides	was	examined.		There	are	considerable	knowledge	gaps	in	the	literature,	





It	 was	 important	 to	 develop	 a	 reliable	 and	 robust	 bioassay	 protocol	 to	 assess	 the	
virulence	of	EPF	isolates	against	DBM	larvae.	When	developing	the	bioassay	procedure,	
several	 problems	were	 encountered,	 the	most	 important	 of	which	was	 variability	 of	
susceptibility	of	groups	of	DBM	larvae	from	one	bioassay	to	the	next.	Through	examining	
the	 literature,	 and	 our	 own	 observations,	 it	 was	 determined	 that	 larvae	 had	 to	 be	
treated	with	EPF	directly	 after	moult	 to	 allow	conidia	enough	 time	 to	penetrate	 the	
cuticle	and	cause	a	systemic	infection	(Vandenberg	et	al.,	1998b).	Consequently,	only	










EPF	 isolates.	 The	purpose	of	 the	 screen	of	 14	 isolates	was	 to	 select	 a	 subset	 of	 EPF	





after	 treatment.	 When	 completing	 experiments	 it	 is	 important	 to	 use	 commercial	
biopesticide	EPF	products	so	that	results	can	more	applicable	to	the	field.	B.	bassiana	
433.99,	M.	brunneum	275.86	and	M.	brunneum	445.99	are	active	ingredients	in	the	EPF	
biopesiticde	 commercial	 products	 BotaniGard,	 Met-52	 and	 Bio-Blast,	 respectively.	
These	three	 isolates	caused	 intermediate	mortality	(between	40	and	60%	by	six	days	




more	 virulent	 against	 DBM	 at	 temperatures	 more	 suited	 to	 its	 physiology.	 After	
completing	concentration-mortality	response	experiments	for	the	sub-set	of	isolates,	it	
was	found	that	B.	bassiana	1757.15	required	the	lowest	number	of	conidia	per	insect	to	













include	 the	 Briere-1	model,	 Lactin-1	 and	 Logan-6	models,	 which	 are	 all	 designed	 to	
describe	a	slow	increase	in	response	as	temperature	rises,	followed	by	a	rapid	decline	
(Briere	et	al.,	1999,	Lactin	et	al.,	1995,	Logan	et	al.,	1976).	Polynomial	models	and	Taylor	
models	are	 less	well	suited	to	describing	such	distributions,	but	were	 included	 in	the	
analysis	 because	 they	 have	 been	 used	 in	 the	 literature	 to	 describe	 the	 effect	 of	


























the	 same	 isolate	would	 have	 a	 high	 temperature	 virulence	 optimum.	 	 To	 assess	 the	




















However,	 it	was	also	noted	 that	 statistical	 tests	associated	with	 the	aforementioned	
linear	regressions	lacked	statistical	power,	making	it	unlikely	that	significant	relationship	
would	 be	 found.	 Because	 of	 this,	 a	 separate	 analysis	 was	 completed	 in	 which	




It	 is	 common	practice	 the	assess	 the	physiology	of	 EPF	 in	 vitro,	 before	 selecting	EPF	
isolates	that	are	suited	to	the	temperature	range	of	a	particular	insect	pest	(Davidson	et	
al.,	 2003).	 This	 analysis	 has	 shown,	 although	 it	 may	 not	 be	 able	 to	 predict	 cardinal	
temperatures	in	this	way,		determining	the	thermal	profiles	of	EPF	physiology	can	still	
provide	 useful	 information.	 For	 example,	 in	 the	 current	 experiment,	M.	 brunneum	







seemingly	 promising	 EPF	 isolates	 do	 not	 perform	 when	 they	 are	 taken	 from	 the	
laboratory	 to	 the	 field	 (Thomas	 and	 Blanford,	 2003).	 A	major	 reason	 for	 this	 is	 that	
screens	of	EPF	isolates	are	often	completed	at	constant	temperatures,	normally	20	or	













To	 illustrate	 this	point,	 the	 thermal	 virulence	profiles	of	B.	bassiana	 1757.15	and	M.	
brunneum	1760.15	were	compared	with	the	thermal	profile	of	DBM	development.			It	
was	 found	 that	M.	 brunneum	 1760.15	 better	 matched	 the	 thermal	 profile	 of	 DBM	
development	 when	 compared	 to	 B.bassiana	 1757.15.	 Consequently,	M.	 brunneum	
1760.15	would	be	better	candidate	to	be	a	EPF	biopesticide	to	control	DBM.	Despite	










example,	 the	 time	 to	 emergence	 of	 the	 cabbage	 aphid	 on	 canola	 can	 be	 accurately	
predicted	using	this	method(Nematollahi	et	al.,	2016).	DD	models	can	also	be	used	to	
predict	the	infectivity	of	plant	pathogens;	for	example,	a	model	was	developed	to	inform	
grape	 growers	 when	 to	 apply	 to	 fungicide	 to	 powdery	 mildew	 infestations,	 the	


















proposed	 the	 accumulation	 of	 heat	 units	 over	 time	 (DDs)	 could	 provide	 useful	
information	 for	 prediction	 of	 EPF	 virulence	 over	 fluctuating	 temperatures.	 Using	 a	














and	 35oC.	 Predictions	 of	 proportion	 mortality	 were	 only	 made	 if	 the	 fluctuating	
temperature	 regime	 lay	 below	 the	 thermal	 optima	 of	 the	 EPF	 isolate.	 After	 the	


















accurately	 predict	 virulence	 of	 EPF	 isolate	 at	 fluctuating	 temperatures,	 provided	 the	
temperature	regime	lies	with	in	the	lower	and	upper	(T0	and	Topt,	respectively)	range	
of	both	DBM	development	and	EPF	virulence.	The	conclusions	drawn	here	are	similar	to	
those	 drawn	 by	 Burgess	 and	 Griffin	 (1967)	 who	 found	 that	 fungal	 growth	 rate	 at	
fluctuating	 temperatures	 could	 be	 predicted	 from	 fungal	 growth	 rates	 at	 constant	
temperatures.	 To	 make	 these	 predictions	 the	 authors	 utilised	 the	 assumption	 that	
fungal	growth	at	anyone	temperature	is	unaffected	by	the	fungi’s	previous	temperature	
experience.	 In	 effect,	 this	 means	 there	 is	 no	 lag	 time	 in	 fungal	 growth	 when	 the	




















biopesticides	 with	 commercially	 available	 synthetic	 insecticides	 on	 the	 survival	 of	
groups	 of	 DBM	 larvae.	 The	 response	 from	 co-application	 was	 characterised	 being	
synergistic,	antaogistic	or	additive.	Synergistic	 interactions	are	valuable	 for	 IPM,	they	
allow	a	 reduced	 volume	of	 synthetic	 insecticide	 to	 be	 applied,	which	 can	 result	 in	 a	
financial	and	environmental	saving	(Butt	and	Ansari,	2011).		
	























and	 cause	 insect	 death,	 azadirachtin	 effects	 the	 development,	moulting	 and	 feeding	
habits	of	 insects	and	thiacloprid	causes	death	by	over	stimulating	 the	 insect	nervous	
system	 (Gill	 et	 al.,	 1992,	 Matsuda	 et	 al.,	 2001,	 Mordue	 and	 Nisbet,	 2000).	 Bt	 and	







response	 observed	 after	 co-application	 was	 additive,	 	 although	 some	 synergy	 was	









example,	 in	 a	 cocktail	 containing	 other	 synthetic	 insecticides	 –	 there	 may	 be	 an	
increased	risk	of	the	development	of	DBM	resistance	(Grzywacz	et	al.,	2010).	However,	
in	this	case,	the	two	separate	modes	of	action	of	the	synthetic	insecticide	and	the	EPF	
biopesticide	may	help	 to	prevent	 the	development	of	a	 resistant	DBM	population	as	







of	 DBM	 larvae	 when	 applied	 at	 sub-lethal	 concentrations.	 In	 general,	 sublethal	
insecticide	concentrations	were	able	to	increase	time	taken	for	larvae	to	develop	from	




rate	was	 clearly	 dependant	 on	 insecticide	 concentration	which	may	 explain	why	 no	
synergy	 was	 observed	 when	 a	 low	 concentration	 was	 co-applied	 with	 B.	 bassiana	
433.99.		
	
The	 results	 here	were	 generally	 in	 agreement	with	 the	 literature	 on	 EPF-insecticide	
interactions.	 Co-application	 of	 Bt,	 azadirachtin	 and	 neonicotinoid	 based	 insecticides	
with	 EPF	has	been	 shown	 to	 increase	 speed	of	 and	overall	 proportion	mortalities	of	
various	insect	pests	(Nian	et	al.,	2015,	Gomes	et	al.,	2015,	Ye	et	al.,	2005).	Additionally,	
Nian	 et	 al.	 (2015)	 suggested	 that	 synergy	 between	 EPF	 and	 low	 concentration	
insecticides	may	be	due	to	larval	development	being	arrested	by	the	insecticide.	After	

























inoculation	 of	 insects	 with	 EPF)	 when	 compared	 to	 direct	 spray.	 Despite	 this,	 at	 a	
relatively	 high	 concentration	 (1x108	 conidia	 ml-1)	 	 of	 B.	 bassiana	 433.99	 conidia,	
consistently	high	mortality	of	groups	of	DBM	larvae	was	achieved.		
	
In	the	field,	 it	 is	 likely	that	EPF	biopesticides	would	be	applied	at	 intervals	of	up	to	a	





































ii) After	 assessing	 the	 suitability	 of	 five	 non-linear	 models	 in	 describing	 the	













































An	 important	 aim	 of	 this	 research	 project	 was	 to	 develop	 a	 model	 to	 predict	 the	
virulence	of	EPF	 isolates	against	DBM	at	 fluctuating	temperatures.	Here,	a	DD	model	
was	developed	that	was	able	to	do	this	well	under	laboratory	conditions.		This	provided	
a	 proof	 of	 concept	 that,	 in	 principle,	 virulence	 of	 EPF	 isolates	 can	 be	 estimated	 by	






i. It	 was	 unable	 to	 predict	 EPF	 isolate	 virulence	when	 temperatures	 exceeded	 the	
thermal	optima	of	isolate	virulence		
ii. It	 was	 developed	 using	 data	 collected	 in	 the	 laboratory,	 so	may	 not	 be	 directly	
applicable	to	growers		
	
The	 DD	model	 developed	 in	 this	 study	was	 only	 able	 to	 predict	 isolate	 virulence	 at	
temperatures	up	to	the	thermal	optima	of	EPF	isolate	virulence.	This	is	because	a	major	
assumption	necessary	 to	develop	 a	DD	model	was	broken	 at	 temperatures	over	 the	
optima:	 proportion	mortality	 did	 not	 occur	 a	 constant	 DD	 sum	when	 temperatures	
exceeded	the	thermal	optima	for	isolate	virulence.	In	certain	climate	zones,	it	is	likely	



































EPF	 virulence.	 In	 the	 past	 models	 have	 been	 developed	 which	 incorporate	 the	 age	
structure	 of	 populations.	 For	 example,	 Thompson	 (1975)	 was	 able	 to	 use	 the	 age	





















This	 is	 useful	when	 it	 comes	 to	 predicting	 the	 virulence	 of	 EPF	 biopesticides,	 as	 the	
application	of	synthetic	insecticides	would	not	have	to	be	incorporated	into	the	model.	
Although	the	most	common	response	in	the	current	study	was	additive,	there	was	also	
limited	 evidence	 of	 synergism	 occurring	 between	 some	 insecticides	 at	 and	 certain	
concentrations	of	EPF.		The	extent	to	which	synergism	occurred	in	the	current	study	was	
assessed	 by	 applying	 synthetic	 insecticide	 at	 a	 fixed	 concentration	 with	 and	 with	 a	
concentration	 of	 B.	 bassiana	 433.99.	 Chi	 squared	 analysis	 was	 used	 to	 provide	 a	




treatments	may	 just	 cross	 the	 threshold	 required	 for	 a	 synergistic	 interaction	 to	 be	
indicated	(chi	squared	=	3.75,	P	=	0.049).	In	another	experiment,	two	treatments	may	
just	fall	short	of	the	threshold	value	(chi	squared	=	3.73,	P	=	0.051),	indicating	that	an	








the	 mortality	 caused	 by	 combining	 treatments	 A	 and	 B	 is	 slightly	 above	 the	 5%	
significance	 threshold,	meaning	a	 synergistic	 interaction	has	occurred.	 In	experiment	











the	 group	 of	 DBM	 larvae	 (for	 example,	 the	 concentration	 required	 to	 cause	 50%	
mortality)	are	plotted	against	one	another	(Fig.	7-2).	A	straight	line	from	between	point	
A	(insecticide	LC50)	and	point	B	(EPF	LC50)	 is	 indicative	of	simple	additivity	occurring	
between	 the	 two	 treatments.	 Data	 points	 above	 the	 line	 of	 additivity	 indicates	 that	
there	is	evidence	of	antagonism	between	the	two	control	products.	Data	points	below	






























EPF	 are	 useful	 biocontrol	 agents	 of	 insect	 pests.	 At	 the	 moment,	 the	 biopesticides	
industry	is	undergoing	a	rapid	expansion,	and	an	increasing	number	of	proprietary	EPF	
biopesticide	 products	 are	 reaching	 the	market.	 The	 successful	 deployment	 of	 these	
products	in	the	field	will	depend	largely	on	whether	farmers	and	growers	employ	IPM	
as	 the	basis	 for	 their	 crop	protection.	 This	 is	 highly	 likely	 in	 economically	developed	
countries,	where	government	policies	are	promoting	the	use	of	IPM	and	reduced	risk	
pest	management	 tools.	 The	 challenges	 for	 implementing	 IPM	might	 be	 greater	 for	
resource-poor	countries,	but	even	here	there	is	both	a	demand	and	a	potential	for	much	
greater	use	of	EPF	and	other	biopesticides,	driven	largely	by	their	safety	and	low	cost	of	





against	 DBM	 as	 part	 of	 an	 IPM	program,	 but	 in	 order	 for	 this	 to	 be	 successful,	 it	 is	
important	 that	 their	 use	 is	 based	on	detailed	 knowledge	of	 (i)	 how	EPF	biopesticide	






In	 principle,	 it	 could	 allow	 growers	 to	 build	 their	 IPM	 systems	 around	 the	 predicted	
efficacy	 of	 EPF	 biopesticides,	 which	 could	 also	 include	 using	 EPF	 biopesticides	 in	
combination	with	applications	of	synthetic	chemical	pesticides.	However,	the	DD	model	
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	 	 B.	bassiana	 Lecanicillium	
spp.		
M.	brunneum	 I.fumosorosea	




1.72	 19.79	 275.86	 445.99	 1760.15	 1761.15	 1762.15	
Germ
ination	
a	 0.06	 0.03	 0.01	 0.07	 0.07	 0.07	 0.04	 0.07	 0.05	 0.06	 0.06	 0.04	 0.09	 0.10	
T0	 7.16	 11.74	 12.35	 11.24	 12.20	 12.85	 12.65	 6.80	 5.97	 12.91	 12.89	 12.13	 11.07	 11.22	
Tmax	 33.04	 33.14	 33.00	 33.37	 33.04	 33.01	 33.02	 33.00	 33.0	 35.58	 37.61	 40.00	 33.16	 33.32	
Topt	 27.08	 27.45	 27.36	 27.61	 27.40	 27.40	 27.39	 27.01	 26.95	 29.48	 31.12	 33.00	 27.43	 27.57	
r2	 0.83	 0.96	 0.84	 0.98	 0.97	 0.95	 0.95	 0.87	 0.84	 0.96	 0.98	 0.88	 0.94	 0.93	
AIC	 55.21	 34.57	 35.31	 43.03	 44.75	 46.96	 41.14	 55.77	 56.49	 48.87	 46.28	 61.44	 52.80	 53.24	
Colony	
extension	
a	 9.7x10-5	 7.7x10-5	 5.6x10-5	 9x10-5	 9x10-5	 9.5x10-5	 9x10-5	 8x10-5	 1.3x10-4	 1x10-4	 2x10-4	 1.7x10-4	 7.7x10-5	 7.9x10-5	
T0	 1.50	 -2.4	 -2.10	 5.46	 8.86	 2.77	 6.38	 -3.1	 -0.1	 1.46	 5.85	 8.84	 -1.05	 -1.1	
Tmax	 33.0	 33.01	 33.14	 33.22	 33.12	 33.11	 33.4	 30.23	 26.29	 33.10	 33.30	 34.26	 33.15	 33.11	
Topt	 26.56	 26.18	 26.31	 27.17	 27.26	 26.76	 27.22	 23.87	 21.03	 26.64	 27.18	 28.18	 26.43	 26.39	
r2	 0.98	 0.98	 0.99	 0.76	 0.86	 0.88	 0.87	 0.91	 0.82	 0.87	 0.96	 0.94	 0.90	 0.83	
AIC	 -33.91	 -34.06	 -42.83	 -21.1	 -22.66	 -23.89	 -26.14	 -22.09	 -21.72	 -26.64	 -23.65	 -22.61	 -25.03	 -20.79	
Virulence	
(corrected)	
a	 0.07	 -	 -	 -	 -	 0.03	 -	 -	 -	 0.04	 0.07	 0.07	 -	 -	
T0	 2.25	 -	 -	 -	 -	 4.62	 -	 -	 -	 8.72	 13.20	 11.81	 -	 -	
Tmax	 30.06	 -	 -	 -	 -	 35.27	 -	 -	 -	 35.27	 36.67	 36.56	 -	 -	
Topt	 24.28	 -	 -	 -	 -	 28.66	 -	 -	 -	 28.94	 30.37	 30.21	 -	 -	
r2	 0.89	 -	 -	 -	 -	 0.84	 -	 -	 -	 0.88	 0.90	 0.84	 -	 -	
AIC	 45.24	 -	 -	 -	 -	 48.22	 -	 -	 -	 48.75	 61.57	 65.22	 -	 -	
Virulence	
(non-corrected)	
a	 0.07	 -	 -	 -	 -	 0.03	 -	 -	 -	 0.04	 0.06	 0.06	 -	 -	
T0	 1.80	 -	 -	 -	 -	 5.17	 -	 -	 -	 7.91	 11.39	 9.68	 -	 -	
Tmax	 30.36	 -	 -	 -	 -	 36.64	 -	 -	 -	 36.61	 38.07	 38.01	 -	 -	
Topt	 24.47	 -	 -	 -	 -	 29.80	 -	 -	 -	 30.00	 31.40	 31.25	 -	 -	
r2	 0.89	 -	 -	 -	 -	 0.87	 -	 -	 -	 0.91	 0.95	 0.93	 -	 -	
AIC	 44.41	 -	 -	 -	 -	 49.40	 -	 -	 -	 49.38	 56.18	 58.85	 -	 -	
	 321	
Appendix	IV	
Analysis	 was	 completed	 to	 assess	 the	 interaction	 between	 a	 B.	 bassiana	 and	 three	















treated	with	 a	 concentration	 range	 of	B.	 bassiana	with	 and	without	 a	 fixed	 dose	 of	
Neemazal	 insecticide	 at	 either	 LC40	 or	 a	 10-fold	 dilution	 of	 LC50.	 Two	 parameter	
polynomial	models	 are	 included.	Open	 and	 filled	markers	 represent	 treatment	by	B.	
bassiana	 only	 and	 combination	 treatments,	 respectively.	 Solid	 and	 dashed	 lines	







treated	with	 a	 concentration	 range	 of	B.	 bassiana	with	 and	without	 a	 fixed	 dose	 of	
Calypso	 insecticide	 at	 either	 LC40	 or	 a	 10-fold	 dilution	 of	 LC50.	 Two	 parameter	
polynomial	models	 are	 included.	Open	 and	 filled	markers	 represent	 treatment	by	B.	
bassiana	 only	 and	 combination	 treatments,	 respectively.	 Solid	 and	 dashed	 lines	
represent	polynomial	models	 fitted	 to	B.	bassiana	only	and	combination	 treatments,	
respectively.		 	
